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ABSTRACT

To investigate the principles of Non-Equilibrium Thermo-
dynamics, an experimental and theoretical study of a chemical
reacting system is made. Nitric oxide, iodine, chlorine, iodine
monochloride, and nitrosyl chloride in the gas phase are the
macroscopié_ chemical species which comprise this system.

The sy.stem displays a coupling behavior which is uncommon
to chemical reacting systems. However, this behavior rh_ay be useful
in explaining some biological phenomena. The observed coupling |
effect results in a phenomenological coefficient matrix which is not
diagonal.

None of the macroscopic derivations of the Onsager reciprocity
relations which are examined appear to be generally applicable.
However, a limited derivation is proposed which not only identifies
the phenomenological coefficients in the linear rate laws for chemical
reacting systems but also indicates the validity of the Onsager re.-
lations. Linear transformations of the fluxes and forces which
diagonaliée or destroy the symmetry of the phenomenological coef-
ficient matrix are not applic a;ble to a chemical reacting system.

Photometric methods are used to. experimentally determine
the reaction velocities and chemical affinities of this system. The
phenomenon of coupling is definitely exhibited by this system, as
and L

12 21

shown by the existence of the coupling coefficients, L
and by the presence of a negative AV product. The applicability

of linear phenomenological rate laws and also rate laws which
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include quadratic terms are investigated. The linear rate laws are
better approximations as thé system approaches equilibrium and
may be useful at appreciable distances from equilibrium in certain
cases. A conclusive test of the Onsager reciprocity relations could

not be made.
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NOMENCLATURE

English Symbols

a

A

L]

A H

- - B

-

chemical activity
chemical affinity‘

thermodynamic variable capable of measuring the
deviation of the system from equilibrium

concentration

determinant of the stoichiometric equation transformation
matrix

determinant of the phenomenological coefficient matrix

infinitesimal increment of the entropy flowing into or
out of the system '

infinitesimal increment of the entropy produced in the
system

total internal energy

Gibbs free energy

multiplier phototube anode current
transmitted light intensity
incident light intensity

flux

forward reaction rate constant
reverse reaction rate constant
number of moles

molecular weight

length of light path
phenomenological coefficient

total pressure
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English Symbols

R

'R,
1

o

v
0SC.

< < <

X oF

universal gas constant

electrical resistance of Ri resiétor

overall sensitiﬁty of the multiplier phototube

total entropy

rate of entropy production in the system

time

time at which system is perturbed from equilibrium
absolute temperature

voltage proportional to the transmitted light intensity
voltage proportional to the incident light intensity
voltage drop across Ri resistor

voltage measured by oscilloscope

velocity of overall reaction rate

forward reaction rate

total volume

element of skew symmetric matrix

the rmodynamic driving force

Greek Symbols

a

element of the stoichiometric equation transformation
matrix

cofactor divided by determinant of stoichiometric
equation transformation matrix

extinction coefficient

wavelength
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Greek Symbols

0 chemical potential

v stoichiometric coefficient

3 degree of advancement of extent of reaction
- rate of entrop%; production in the system

0'2 variance

Script Symbols

G affinity matrix

identity matrix

phenomenological coefficient matrix
transformation matrix for the velocities or fluxes
transformation matrix for the affinities ér forces

velocity matrix

g & U 9D ta &

skew symmetric matrix

Subs cripts

eq. at equilibrium conditions

Superscripts

! quantity created by a linear transformation

~ transpose of a matrix

i initial value at the start of a run
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I. INTRODUCTION

Classical thermodyna:rmcs is sermusly limited in describing

physico- chemmal processes because it is based on the concept of

true equilibrium statesl. Also, the treatment of irreversible'2

processes by classical thermodynamics is often inadequate. In most
areas of science and enginee ring, equilibrium is only rarely attained,
and irreversible processes are usually encountered.

Therefore, Non-Equilibrium Thermodynamics was developed

as a study of systems which are not at equilibrium and in which
irreversible transport processes are occurring. For this endeavor,
classical thermodynamics is extended by supplementing the First
and Second Laws and the basic definitions of thermodynamics with
additional postulates.

The purpose of this inveétigation is to examine some of these
postulates for the case of chemical reéctions. Chemical reactions
are chosen not only because the applicability of these postulates to a |

chemical reacting system has not been examined before, but also

Equilibrium is the time invariant state of a system in which no
spontaneous processes occur, and all macroscop1c quantities re-
main unchanged.

2In defining reversible processes, Prigogine and Defay(44) consider
a system which undergoes some transformation ABC. This change
is reversible if an inverse change €BA exists such that: 1) the
variables characterizing the state of the system return through the
same values, but in the reverse order, and 2) exchanges of heat,
matter, and work with the surroundings have the reverse sign and
take place in the reverse order. All changes which do not satisfy
these two conditions are termed irreversible.
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because such a system pfovides a special insight to these postulates.

A pérticular reacting system is selected for this study. The
arrangement consists of reactions whicﬁ are "coupied" and display a
behavior which is uncommon to chemical reacting systems. However,
such an example demonstrates a behavior by which these postulates
of non-equilibrium thermodynamics can be tested.

The study of non-equilibrium thermodynamics has been.lgiven
a wide variety of names. Irreversible thermodynamics, thermo-
dynamics of irreversible processes, thermodynamics of transport
processes, and thermodynamics of the steady state are often used.
The origin of these names will perhap;s become apparent upon e'xanii-
nation of the theory of non-equilibrium thermodynamics. The
subject will be referred to as non-equilibrium thermodynamics

throughout this thesis.
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II. THEORY

A. General

The theory of non-equilibrium thermodynamics supplements
the First and Second L.aws of classical thermodynamics and the
basié definitions with further postulates in order to describe a non-
equilibrium system and correlate its properties, The basic postu-
lates are: 1) local equilibrium, 2) the phenomenological rate laws,
and 3) the Onsager Reciprocity Relations.

1) Local Equilibrium. The postulate of local equilibrium
assumes that all thermodynamic state functions exist for each
element of a system in which irreversible processes are ta,king.
place. Also, these state functions for the non—equilibriund system
are the same functions of the local state variables as the correspond-;
ing equilibrium the rmodynamic quantities treated in classical
thermodynamics.
Prigogine (42) examined this postulate theoretically and found
that it should be valid not only at equilibrium, but also at slight
deviations from the equilibrium state. However, since he employed
a particular gas model in his study, his conclusions apply only to
special situations.

For any macroscopic system, the postulate must be verified
by examining its consequences and comparing them with experimental

results. A comparison between theory and experiment will then

 show the realm of validity of the postulate.
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However, this p.os'tulate is.expected to be valid for a system
in which the gradients of the thermodynamic functions afe small or
in which the thermodynamic variables do.not change with time at
any particular point in the system, that is, under steady state con-
ditions. Because this theory is particularly applicable to steady

state processes, Denbigh(lo)

was prompted to call the subject
"Thermodynamics of the Steady State. " In addition, the postulate
of local equilibrium is also expected to become a better apprloxima-'
tion as the system approaches equilibrium(lé).

The validity of this postulate has been usually implied
without justification in most kinetic and transport property investi-
‘ gations through the years. The validity of this postulate has also
been assumed in this study, primarily because the gradients in the
system are very small,

Often implied in the assumption of local equilibrium is ‘the
so-called entropy balance equation. This equation states that the
entropy of a volume element changes with time for two reasons;
first, because entropy flows in and out of the element, and second,

because an entropy source exists inside the volume element due to

irreversiblé processes,
ds=d_S+4d5s. (1)

The entropy source, djS, is never negative, being positive for

irreversible and zero for reversible phenomena.
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The thermodynamic Gibbs  equation is often used to relate
this entropy source explicitly to the various irreversible processes

that may occur in a system,

. pe ]
Tds=dE+Pd\_r—>:pkdmk.' (2)
k=1

This equation, of course, is identical in form to that which applies
in the equilibrium case. In many instances, combination of the
macroscopic conservation laws of mass, momentum and energy with
this Gibbs' equation is useful.

| For the example of a chemical reaction, the conservation of

mass can be written for reaction i as

dm, .= vk,i dt. , (3)

where vk’ ; is the stoiqhiometric coefﬁcieﬁt of component k- in this
reaction. The stoichiometric coefficient is considered positive when
.component k appears in the right-hand member of the stoichiometric
reaction equation and negative when it appears in the left-hand niember.

£ 1is called the degree of advancement or the extent of reaction. As

an example,- for the reaction

2NO + Cl, = 2NOCI (4)
'NO= "% Va,=h YNoar T2 (5)
so that
dmyo  dmg dmyoct _

= = 1 = —3 =4, (6)
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Obviously, & does not depend upon which component is selected.
. The conservation of mass, equation (3), can be combined
with the Gibbs equation for a closed system in which r chemical

reactions are occurring to give
r n : '
= + -
TdS=dE *PdV z Z Y, ik d§i . (7)
i=l k=1 . -

By introducing the definition of the chemical affinity of reaction i, '

n

Ay = - Z Yk, iMK (8)
k=1

equation (7) can be simplified to

-ds=dE,J£,Pd~y ZA d§ : (9)

The entropy supplied by the surroundings is usually identified for a
| (43) |

closed system as

dE + P d¥Y

deS = T s (10)

while the entropy prodﬁction, resulting from the action of irreversible

chemical reactions, is

r .
=1 >
d;S = % ZAi . = 0. (11)

i=l
The separation of equation (9) into equations (10) and (11} may
seem somewhat arbitrary. However, these two parts of equation (9)

(n

must satisfy a number of requirements. De Groot and Mazur
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claim that this separatién is determined uniquely.

In the general case, such an entropy production equation can
usually be differentiated with re épect to time to give the rate of
production of entropy. The resulting equé,t‘ion has a very simple
appearance(7). The entropy prodﬁction equation will be a sum of
terms, each being a product of a flux characterizing a reversible
process, and a quantity called the thermodynamic driving force,
which is related to the non-uniformity of the system,

n

To=T diS/dt = Z JX. =0, (t2)

i=1
. For example, the force may be a function of a temperature gradient
or a chemical affinity of the systerfn. The force and flux in each
‘particular product are said to be "conjugate "' to each other.

Returning to the example of a chemical reaction, equation (11}

can be differentiated to give the rate of entropy production
r . .
= d4.S/dt = & = :
ci=l

where Vi is the velocity of chemical reaction i. Multiplying

equation {13} by the temperature, an expression is formed,
r .
To = Z AV, =0, ' (14)
=1 '

which has this simple appearance of the product of a flux, the

‘reaction velocity, times the force, the affinity. The product To¢ is

sometimes called the "power" of a reaction(SS).
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In addition to providing another equation which can be used
to put limits on the behavior of the system;the rate of entropy pro-
duction equation is useful in selécting the proper conjugate fluxes
and forc.es which appear in the Onsager theory. Prigogipe(43)
claims that the only general criterion of irreversibility is the
internal entropy production.

Even with the entropy balance equation, the three conserva-
tion laws, and the equations of state, often sufficient information is
not available to describe a system. Some relationship between the
ﬂuxes’and forces is necessary. The phenomenological rate laws
serve this purpose.

| 2) Phenomenological Rate Laws. As a first approximation,
. the fluxes are considered to be linear, homogeneous functions of the

thermodynamic forces,
J. = L.X. . | (15)

Fick's-law of diffusion, Fourier's law of heat conduction, and Ohm's
1a§v of electrical conduction are common exarnpies of this type of
law.

When two or more of these phenomena occur simultaneously,
they may interfere and give rise to new effects such thgt each force
contributes to each flux. Mathematically, these‘effe-cts are usually
treated by the addition of new linear functions to the .phenomenological

laws given by equation (15),
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n
J, = Z Lijxj‘ where 1=1,2,...,n. (16)
j=1 -
The Soret or thermal diffusion effect, which results from diffusion
due to a temperature gradient, is an eiample of such a "cross-
effect._ " | |

The consequences of the assumption of these linear rate laws
should be derived and checked by experiment. They are expected to
be good approximations close to equilibrium and in systems with
small space and time gradients of the thermodynamic variables.
Ohm's and Fourier's laws have been found in some cases to be valid
over large ranges of the drivingvforces(lé). However, except close
to eqﬁilibrium, these linear reactions are considered to be very
poof for the example of chemical reactions.

In its present stat~e, non-equilibrium thermodynamics is
primarily concerned with the description of such linear phenomena.
However, in the last few years, a significant amount of work .hé.s
been done on the non-linear problemas..

Some important statements can be made about the phenomeno-
logical coefficients which appear in these rate laws. The Ohsager
Reciprocity Relations are the mbst well known relations between
these coefficients.

| 3) Onsager Reciprocity Relations. These relations state
that if a "proper" choice is made of the fluxes and fbrces, the entire
array or matrix of phenomenological coefficients will be symmetric,

that is,
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Lo =Ly, . (17)_

" proper "

The meaning of the choice of fluxes and forces has.
been the subject of some controversy in recent years. If the fluxes
and forces are required to obey only th;e entropy production equation,
equation {12), and the linear phenomenological laws, equation (16),
Coleman and Truesde11(3) show that‘ an infinite number of choices of
fluxes and forces exist for which the Onsager relations are valid,
and also an infinite number exist for which the Onsager relations are
not valid., Although giving a much less general 'discussion, Gage and
Kline(17) reach a similar conclusion. To minimize this problem,
Coleman and Truesdell suggest that the flux should. be selected as the

time derivative of a thermodynamic quantity which measures the

deviation of the system from equilibrium,

_d |
I = g (b | as)
and the force be chosen so that
Xi = T 8]._S/Bbi . (19)
(35,36) . . ' . . . .
Onsager originally derived his relations from statistical

‘me chani.cal considerations. His derivation is based upon not only the
principles of fluctuation théory and microscopic reversibility, but also
upon his own hypothesis of the regression of fluctuations.

The principle of microscopic reversibility means that under

equilibrium conditions, any molecular process and the reverse of that
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process will be taking place on the average at the same rate. As an

example, for the hypothetical reaction between monomeric substances

AT—B

| '\\17 | (20)

at equilibrium, the time rate of change in the concentrations of each
‘of the three chemical species, A, B, and C, is equal to zero.

"However, "

said Onsager, "the chemists are accustomed to impose
a very interesting additional restriction, namely: when equilibrium

is reached each individual reaction must balance itself. They

require that the transition A — B must take place just as frequently
as the reverse transition B — A, etc." This detailed balancing of
more than one chemical reaction occurring simultaneously is a special
case of microscopic reversibility and, as Onsager points out, is not
the resuilt of thermodynamics.

In his derivaticsn, Onsager introduced his hypothesis of the
-regression of ﬂucfuations, which means that the microscopic
fluctuations witl;in a system decay toward equilibrium in the same
manner as the macroscopic processes. Finally, Onsager applied
his relatibns to the linear phendmenlogical laws. However, the
Onsager theory mak;as no statements regarding the validity of these
linear laws. It is simply concerned with the reciprocal relations
between the coefficients when these equations are a satisfactory
af)p;'oxiniation.

From the microscopic viewpoint, the Onsager reciprocity
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)

relations are well founded(l() . However, no adequate, general
macroscopic derivation has been proposed. |

A derivation of the Onsager relations is given in a subsequent
section and the phenomenological coefficients are identified. This
de rivafi':ion treats the example of a chemically reacting system and
assumes the overall rate expressions can be expressed in the form
of the law of mass action. Not only is the reacting system assumed
to be close to equililbrium, but also the principle of detailed balancing
is assumed for each of the reactions.
Parlin, Marcus, and Eyring(37) use rate theory to verify the
Onsager relations for a chemically reacting system. However, since
they incorporate the results of Zwolinski and Marcus(éo)-in their
argument, they tacitly make the same assumptions mentioned above.

Li(zs) (39, 40), and Verschaffelt(57) base their deriva-

, Pitzer
tion on the hypotheéis that an intrinsically independent set of forces
and fluxes always exist in a system. However, as discussed in a
subsequent section, this hypothesis may not embrace any of the

physical systems usually analyzed by non-equilibrium thermody-

namics.

.. {34} . . . .
Nims examines diffusion through membranes and claims
that the Onsager relations can be derived from Newton's three laws
of motion. However, Nims arbitrarily assumes some empirical
relationships between certain "forces" and the properties of his

system. His results are questionable because the validity of the se

relationships are doubtful.
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Sliepcevich and Finn(48) also recently presented a derivation.
Their results are not valid because they assumed their answer in one
of the last steps in the derivation. Their work has been often criti-

cised in the literature(l’ 11, 15).

The example of a chemically reacting system is also examined
by Van Ryss,elberghe(54) in his derivation. However, the reasoning

beyond equation (9) of his paper is questionable.
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B. Chemical Reactions

Although the hypothetical system previously mentioned,
involving a set of triangular reactions between monomeric substances,
is a commonly quoted analytical model to demonstrate the Onsager

(10, 49)

reciprocity , very little literature on the treatment of real

reacting systems by irreversible thermodynamics exists. In a 1960

review article, Mille r(33)

pointed out that the chemical reaction was
an obvious case of coupled phenomena which had not been directly
studied experimentally. Except for several complicated biological

(

systems discussed by Van Rysselberghe 50), few measurements
dealing with coupled reactions have been reported, and no experimen-
tal verification of the Onsager reciprocity in a reacting system has

been made.

1. Stoichiometry and Thermodynamics. For convenience,

generalized stoichiometry(44) and rate notation can be used. Let the

stoichiometry of the reactions, 1 and 2, be denoted by

oy
'M'nj
<
e
g
-
il
<

(21)
i=1
n .
2 ) v M=0 (22)
i=1

where Mi is the molecular weight of component i, and Vi and Viz
are the stoichiometric coefficients of component i in reaction 1 and
2 respectively. As discussed in the previous section, these coef-

ficients are positive for products, negative for reactants, and zero
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for non-participants in a particular reaction.

The chemical affinities of the two reactions are defined as

n
Ap == AG = - Z Vit (23)
. i=1
s
AZ = - AG2= - Z Voo T {24)
= ,

where Py is the chemical potential of component i. Generalized

reaction velocities are selected as the time derivatives of the extent

of reaction

vV, = d§. /dt = L ik {25)
17 "1 T v, dt
i, 1
dm.
_ 1 i, 2
v, = d_éz/dt = ——Vi , —5 (26)
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2. Linearization. If only one reaction is occurring, the

(7)

reaction rate is proportional to the affinity' ' when the system is

slightly displaced from equilibrium,

V. = LA, . (27)
i i _

In addition to being analogous to other linear phenomenoclogical rate
laws, this equation has another basis. If the kinetic rate expression
for the overall rate of this reaction can be expressed in the form of
the law of mass action, fhe results of Appendix 1 show the rate of the
reaction can be approximated by equation (27) near equilibrium.

The validity of these linear rate laws for chemical reactions

(45) {(29)

is discussed by Prigogine and Hansen and others . Prigogine,
Quter, and Herbo(46) verified these relations experimentally in the
case of the hydrogenation of benzene and the dehydrogenation of

cyclohexane.

Also, Appendix 1 shows that L can be explicitly identified as

k v,
L = '—R-f-f I [a,] v (28)
reactants €q. '

and therefore is a function of the equilibrium state of the system. If

two reactions are proceeding without coupling, two equations of the
type of equation (27) still continue to apply, each independently of the

other.
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3. Interference and Coupling. Although a pair of reactions
are not coupled, they nevertheless will interfere: as one reaction
proceeds, it will generally modify the concentration of a number of
species present. This concentration change will have the inevita.bie
effect o.f displacing othér reactions from equilibrium, resulvting in
finite reaction rates. However, these secondary reactions pre‘—
sumably would not proceed if the affinities (free energy differences)
of the secondary reactions were kept at their equilibrium value of
zero,

(38)

Pings suggests that the necessary and sufficient criterion

of coupiing is the non-disappearance of the following derivatives
(;Wi/aAj)Ai #0 i#j. (29)

Van Rysselberghe(So’ 51, 52) also suggested sufficient but not neces-
sary coupling criteria, the existence of a negative AV p_roduct. This
criterion is discussed in more detail later in this section.

Figure 1 compares two hypothetical systems. One system
exhibits only interference, while the other shows coﬁpling. Both cases.
involve two reactions. Up to time tos the systems are assumed to
be in equilibrium, that is, the affinities and reaction velocities of
both reactions are zero. The sy‘rstem is disturbed at t, by a step
function increase in the affinity of reaction 1, without changing the
affinity of reaction 2. This action causes a step function increase
from zero to a finite value for the velocity of reactionl. In the

interference case, as the first reaction proceeds, it disturbs all
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concentrations, thus probably perturbing the affinity of reaction 2
from its zero value. r]'T'his phenomenon certainly would take place
if the two reactions shared one or more components in common.

For the systerﬁ exhibiting cbupling, the step function change
in the affinity of reaction 1 is also done in such a way as to not
abruptly disturb the affinity of reaction 2. Although affinity 2 is not
disturBed from a zero value, a discontinuous increase {or decrease)
will occur in the velocity of reaction 2 from its zero value due to the
non-zero value of the derivative. As both reactions proceed, con-
centration changes will cause affinity 2 to deviate from its equilibrium
value. This deQia‘cion not only will cause further modification in the
reaction velocity of reaction 2, but also will modify the velocity of
reaction 1 due to the non-zero value of 8V1/3A2.

A generalization of equation (27) to a system that formally
encompasses the possibility of coupling is given by the following set

of equations

V= Lygdy FLhpé, | (30)

V,=L,A + L, A

2 = Ly T Lpphy e (31)

The Onsager reciprocity relations (35, 36) require that

le = L?.l . | (32)

In the case of no coupling, this relationship is satisfied in a trivial

sense

L, =L, =0. | (33)
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Except for reports in 1937 by Van Rysselberghe(5o), apparently
no experimental study of coupling in a chemical reacting s.ystem has
been made. Miller(33) mentions two very inconclusive attempts to
analyze these same systems in an attempt to verify the Onsager |
relations. No report of a clearly identifiable simple system exlﬁbiting
nontrivial coupling or an éxperirnental verification of the reciprocity
for a chemical reacting system has been given.

In order to clarif.y the se idéas, consider the particular
system which is made by mixing iodine, chlorine, and nitric oxide
in the gas phase. At equilibrium, only five ;:hemical species will
exist in apprecia’t:;le quantities, iodine, chlorine, iodine monochloride,

(2)

nitrosyl chloride, and nitric oxide'™’, Nitrosyl iodide has never been
prepared and is considered to be incapable of existence(B). Only
three sub-species, that is, atoms or smaller molecules, are inter-

changed between the reactants to form the equilibrium mixtures.

Therefore, as discussed by Denbigh(g), only two independent

stoichiometric equations are necessary to describe the system.
Providing that these two stoichiometric equations are linearly inde-

pendent among themselves, they may be arbitrarily selected to be
1. 2NO + Cl2 = 2NOC1 ' ) (34}

2. 2NOCI + 1'2 = 2NO + 2IC1. , {35)

Since chlorine is only involved in reaction 1 and iodine is
only involved in reaction 2, the fluxes which can be selected to
describe the apparent reaction rates for a constant volume system

are
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v, = 8§, /8t = - acc12 / ot | (36)

v, =8¢ 2/8‘: = - aCIZ /at_ ) (37)

and the corresponding driving forces will be the chemical afﬁnities; of
each reaction. These fluxes and forces can then be substituted into
equations (30) and (31) to describe the system, providing it is close

to equilibrium so that these equations will be adequate approxima-
tions.

If these reactions only interfere and do not couple, each
equation will reduce to the form of equation (27).. However, Beeson and
Ybst(z) observed that if these reactions are allowed to proceed to- |
gether, that is, if iodine, chlorine, and nitric oxide are combined
in a single container,_ the apparent rate of each reaction will be
much greater than if these reactions were allowed to proceed separately.
This phenomenon may be .éxplained by considering that at least the

following additional reaction is occurring,

3. I, +Cl, = 2ICl (38)

which obviously cannot occur if reactions 1 and 2 were allowed to
proceed separately. This latter reaction presumably has a kinetic
path which is somewhat independent of reactions _1 and 2.

Note that this third reaction is stoichiometrically merely a
linear combination of the first two reactions. Macroscopic thermo-
dynamic analysis involves only the independent reactions. Therefore,

any two of the three reactions may be regarded as the independent



-2]-

reactions, as will be discussed later.

This example thus suggests a sufficient condition for the
occurrence of nontrivial coupling, namely the existence of one or
more reactions which are stoichiometrically redundant, but are

kinetically independent. In a sense, this phenomenon is stoichiometric

degeneracy. Another view is that the concealed reaction represents a

kinetic short cut(38).

Van Rysselberghe(so’ 51, 52)

suggests that a reaction is
coupled if it possesses a negative AV product. Equation (14)
reéuires that the sum of all the AV products in the system must
be positive, but does not exclude the possibility that one of these
terms in the equation may be negative.

H.owever, Van Rysselberghe's criterion of coupling has
proved to be too narrow, involving a sufficient, but not necessary
condition for coupling. For example, ‘Koenig, Horne, and Mohilne'r(24)
demonstrated a general technique by which a linear combination of
coupled reactions\-may result in a new set of reactions devoid of

coupling. This result was criticized by Hooyman(zz)i, Van

Rysselberghe(53) (38).

, and Pings

Hooyman gave stoichiometric criteria from which he con-
cluded that the division into reactions with positive or negative
entropy production is uniquely determined. Van Rys selberghe noted
that Koenig, Horne, and Mohilner's transformations create

‘stoichiometric equations which are devoid of the usual physical

meaning. Manes(zs) attempted to reply to the objections of Hooyman
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and .Van Rysselberghe and still'demonstrate the suppression of
coupling. Pings pointed out that the technique of Koenig, Hornel,

and Mohilner did not prove the supprgssion of coupling in the sense
of a direct effect on the velocity of one reaction by the af.ﬁnity of
another reaction and suggested the criterion of coupling as presented

in equation (29).
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4. Kinetic Identification of the Phenomenological Coefficients

for Coupled Reactions. The phenomenological coefficients for the

reacting system discussed on Page 19 can be identified, Assume again
that the kinetic expressions which describe the rates of reactions 1, 2,

and 3 can be described by the form of the law of mass action,

_ 2 L 2
- a*?‘012/ 8t = kyrang a1, kranoct k3fa‘12€‘c:12

2

- k3210 (39)
' 1 _ 2. 2 2
- 8a12/ 8t = 5 Bays /0t = kyanoe °1, k,r2N0 2101
fkoa o -k, a2 (40)
3L%c1, ~ M3rfic |
2
1 1 _ 2 ~ 2
"2 Pan0/% = 3 Panoc1/% = Mstno 2at, T MeNoc
2 2 2 '
- X Noal L, tk,.aNn0 2101 - - (a1)
At equilibrium,
8a012/8t = aaIz/Bt = SaNO/at =0, (42)
and therefore,
a 2a - a 2+k a. a -k, .a 2"'=.O (43)
kano cl, Kranoct T Eag 1,%c1,” *3+71C1 -
' 2 2 2
k,saNoC1 oL, - kr@N0 2101 T ksfaxzamz

2

" ky2g =0 (44)
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and

2a ‘-. a 2 _ k., .a 2a :
kano a1, k 2Nnocl 26*NOC1 21,

2 2 |
k480 211 <0 (45)

However, a stronger, additional condition for equilibrium must also

be imposed, that is, that the velocity of each individual reaction is

zZero,
agl/at = agz/at = 6§3/8t =0 (46)
or
z - 2. K., @ 2a, -k, a 2 2
N0 2c1, T Mr?Noct T FegfNocr 21, T F2r®No 2icl
=k,.a,. a - k,a 2. 0 | (47)
36°1,%c1, ~ M3fer T 0

This detailed balancing of chemical reactions is a specié.l case of
the more genevral principle of microscopi.c reversibility discussed
previously. Using this concept, equations (39) and (40)'can be

reduced to the follow-i.ng expressions in a manner identical to that

by which equation ' (.1-4) was reduced to equation . (1-17),

, 8¢ a§3
1
Vl:‘"""‘012/3'c= Bt ) ( A +(R )
(48)
' ag , Vv
| 955 3f
V, = - day /Bt = t ) ( A2+(——R—-T— A
2 eq. eq.

(49)

3 .
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Recall that the rate of production of entropy for these three reactions

will be
TS = A agl/at + A, agz/at + A, a§3/§t (50)

and that the affinities for the reactions are

A1.% 2o THal, T #Noc - (51)
A2 = %Noc1 TH, T N0 T PHa (52)
A3 =g They T 2c) (53)

The preceeding equations show that the affinities are related by
A +A =A (54)

Arbitrarily selecting reactions 1 and 2 to be the independent reactions,

equation (54) can be combined with equations (48), (49), and {50) to

give
v o (21 +__8§3) (e Vs V3f) - V3f A, (55)
1 5t Bt ) RT A1 2
e Eq.
9t . Bt v

- YU AT Zf 3f

Vo= at+at)‘(RT A +( ) A, (56)
eq.
9&, 08§ R:12 o

- 1, 953 2 9%,

TS = A\ 57 T3¢ >+A2( 5t T Bt ) (57)

Choosing the reaction velocities or fluxes to be time derivatives of

the thermodynamic variables, the following relations are obtained



86, 8L, . |
v, = ("é'é' *"ar) = (58)
8t B |
2 3
Vz?("a? +’5{'>=J2' (59)

From équation {(57) the correspohding conjugated forces appear to be

X, = A and X,=4,. (60)

This choice of fluxes and forces conforms with Coleman and
Truesdell's(?’) criteria., Also noting that this selection of fluxés
and forces is in agreement with those used in the rate expressions
given by equations (55) and (56), the following identification of the

phenomenological coefficients can be made

( Vig t VZf) | e
' Ly, ( Sw ) - (62)
( Zf 3f ) | (63)

Hence, close to equilibrium, the couplipg coefficients, le
and L21, are equal, thereby obeying the Onsager Reciprocity
Relations. These coupling coefficients invélve only the constants
characteristic of the redundant reactions. However, the diagonal
coefficients, L11 and LZZ’ are functions not only of the kinetic

- constants of the independent reactions 1 and 2, but also of the

kinetic constants of the redundant reaction 3. The above analysis
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can obviously be extended to include any number of dependent
stoichiometric equations,
If reactions 2 and 3 are arbitrarily selected to be the

independent reactions, the following rate equations result

v -V
1 T Var 1
_BaCIZ/at = (-———————RT > A3 + ( T)_ A, (64)

-V V .
1 _ 1f Zf
+2 Bay /0t = (———RT . A, +( Af 2 ) A, (65)
with the coefficients identified as
L, = (————————Vlf ’ V3f) | (66)
1~ RT
eq, _
-V
_ _ 1f
=Ly = (=0 (67)
eq.
. Vie ¥ Vs ) - (68)
22~ RT )
eq.
Finally, if reactions 1 and 3 are selected as the independent
reactions,
V,,+V -V '
_ 2f 3f 2f
-BaI/Bt-—( RT ) A3+<'RT) A (69)
2 eq. eq.
-.3:.3 /at—(-y_gf A +(....1_f..__...§£) A (70')
2 N0/t T\ RT 3 RT 1

eq.

with
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L. = (V.;._—.___.._Zf " Vst ) (71)
11 RT :
eq. .
—v . )
S 2f
Ly =l e ( RT (72)
eq.
. V.4
L, = (v_.-—_—__-lf VZf) (73)
L2z RT :
eq.

Therefore, the anticipated magnitudes of the phenorﬁenological_
coefficientsl depend upon the choice of independent reactions. Such a
choice might affect the resulting experimental work.

Obviously, if any one or all of the three reactions were

written in a reverse order, for example, if equation (2) were written,
2NO + 2IC1 = 2NOC1 + I2 (74)

no chahge in the results would occur,

However, the importance of combining the appropriate conju-
gate fluxes and forces cannot be minimized. For example, suppose
that reactions 1 and 2 are co’ns’idered to be the independent reactions.
The rates would be given by equations (48) and (49). Making the

substitution
A1=A3-A2, ‘ (75)

the resulting linear rate expressions become

Vig T Vap

;. -V1f
“fagy /= gr) At () 4 00
€q. . eq.
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-Ba, /at~(R ) A +(R ) (77)

The resulting cross-coefficients are not equal because the conjugate
ﬂuxesl'and forces have not been used,

- Some authors have claimed that if the flu.xés and. forces in a
system are properly chosen, the coupling may be made to disappear.
To accomplish this, they employ a particular ty‘ple of linear transfor‘-

mation.
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5. Destruction of Coupliﬁg. Several papers have inspected
the theoretical implications of linear transformations whiéh result
in new sets of independent reactions with a diagonal matrix of
phenorﬁenological coefficients, that is, transformations which result
in the elimination of coupling. A well-known algebraic theorem states

(6, 30)

that a real, symmetric matrix can be diagonalized DeCroot(é),

(27)

Manes , and de Groot and Mazur(7) point out t‘hat a transformation }'
which diagonalizes such a matrix can always be found. This state-
ment might appear to be in contradiction to the earlier assertion by
Prigogine(41) that cases of intrinsic coupling exist which cannot be
suppressed by simple linear transformations.

. However, these points of view are reconcilable., Consider a
general linear transformation of equations (21) and (22). A new
independent reaction is created by multiplying reaction 1 by ay and
reaction 2 by as and 'adding. Then, a new second independent
reaction is created by multiplying action 1 by a5 and .reaction 2 by
a5 and adding. These O'ij coeifficients are real numbers, and the
matrix or array of these coefficients is assumed to be non-singular.
Obviously, an infinity of new pairs of independent r.eact.ions can be
so created by an arbitrary selection of the coefficients, a.. However, |
unless these coefficients are integers or ratios of small integers, the
resulting expressions will formally suggest rather strange stoichi-
ometry.

(41) have shown ’;hat the stoichi-

De Donder(S) and Prigogine
ometric coefficients, velocities, and affinities for the two new reactions

can be expressed as linear combinations of the previous quantities by



| .
Yij T Z %es¥ik | (78)
k
1 N\ %
Vj = Z % v, - (79)
i .
]
Aj = Z a.iin (80)
i
where a.:i:]. is the cofactor of the matrix “o‘ij || divided by the deter-

minant,. The new x;ates and affinities_ can also be shown to be related

by the linear rate laws as follows,
1 1y 1 ' '
V, = LA +L A (81)

! t ! 1 f
V2 = LZlAl + LZZAZ . : - .(82)
The new phenomenological coefficients can be expressed in terms of .
the original phenomenological coefficients and elements of the -

transformation matrix by

v 2. : 2
Ly= o2 (Lpjegn = Lyp0y5055 = Lipya0,, + Lipsa5) (83)
.
, |
N S _ -
Ly = T2 (-Lpagy18,, T 1500, tLiyiay 0y - Lysagas,) (84)
a .
-1
I X ' _
Ly = 3 3(= L0y 8pp Ty 50505 TLyapas, - Losaga ) - (85)
. a : ’
Ll =-—}—(L a 2--L a,, - L a.,, +L 2) | (86)
22- 2 n%a 12%1%21 21%1%21 2241/

- Q
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where Da is the determinant of the [Ia.ij H ~matrix. Note that, if
the original matrix was symmetric, le = LZl’ then obviously the

' 1
new matrix is also symmetric, Ll"Z = LZl'
(41)

IPrigogine noted the impossibility of finding a single
tranéf_ormation matrix “G'ij || which would always result in a new
diagonailized matrix., For the transformed matrix to be diagonal,
Liz and 12:1 in equations (84) and (85) must be zero. Hence, thése
equations can be used to find the family of transformation matrices.
Haij || which will make the phenomenological coefficient matrix
diagonal.

However, note that the required transfo.rmation coefficients
o'ij will involve the ratios éf the original phenomenological coeff:i-
cients, which will usually not be integers., As one example, the

following linear combination of reactions appearing in equations (34)

and (35) can be written,

L. .. L L - L
2(1 - -I—J-g—l)NO +Cl, +—£?1 I, = 2( - Tzl)Nocn + z—L-z-l- IC1  (87)
1 1 1 1
2NOC1 + 1, = 2NO + 2IC1 . : (88)

This example results in a new pair of equations which are indepéndent
in the sense that the velocity of each reaction depends only on its own
af_finity. However, one of the new equations is a non-integer combi-
nation of the original chemistry and, therefore, would' seem to lack
the physical signiﬁcance of chemical reactions as usually written.

Also, recall that the Lij matrix elements, that is, the
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original phenomenological coefficients, were identified as functions
of the equilibrium composition and temperature of the system., In
other words, they were functions of the state of the system; for any
given initial oxr equilibrium conditions of the system, these coefﬁ.’#
cients would be expected to be different than for any other initial

or equilibrium conditions. Therefore, since the numerical value of
the aij transfgrmation coefficients involve ratios of the Lij coef-.
ficients, any diagonal transformation will be valid for only one
particular state. |

(41)

This result is consistent with Prigogine's analysis that no
general transformation can be found unless these original elements
are liﬂe arly dependent. De Groot(6) and de Groot and Mazur(7) also
qgestioned the physical importance of the fluxes and forces resulting
from such diagonalization transformations,

Inspection of the transformed Li'j matrix of .equations (83)
through (86) reveals that the new matrix is symmetric if the original

matrix was symmetric. Even simpler, the new matrix is symmetric

if the original system contained zero off-diagonal terms, that is,

1 1

Lip=Lly i Lyy,=Ly (89)

and

L,=L, if Lj,=L,=0. (90)

This latter result is essentially the proof of the Onsager reciprocity

relations based on the "independent processes hypothesis" postulated
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by Li(zs), Pitzer(39’ 40) (57).

and Verschaffelt
Their conclusions certainly coﬁstitute a macroscopic proof
for the Onsager reciprocity relations for that sub-group of systems
which possess processes which are Sepérable. However, that this
sub-group embraces all, if any, of the physical systems usually
annalyzed by non-equilibrium thermodynamics is not apparent.
For example, the conclusion was r‘eached in the previous section
that certain chemical systems exhibited intrinsic chemical coupling.

This coupling could only be suppressed by a state-by-state transfor-

mation involving ratios of rate constants.
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6. Destruction of the Reciprocity. Meixner(32) originally

investigated the invariance of the Ons ager relations under simultane-
ous linear transformations of the fluxes and forces. For a given
linear transformation of the fluxes, the compatible linear transfor-
mation of the forces was derived from the invariance of the entropy
production. Using these resulting transformation formulas, the
invariance of the Onséger relations §vas established. De Groot(é)

later presented an analogous discussion. In both cases, the transfor-

mation matrices are related in the following manner,
Pen=J | (91)

where J is the identity matrix, # is the transformation matrix for

the velocities or fluxes,

v =P, - - (92)

¢ =n-.aq. (93)

(

56) later gave an example of linear

(4)

Howewver, Verschaffelt
transformations which destroy the Onsager relations. Davies
concurred that, if the transformations are only subject to the con-
d_ifion that the entropy production is invariant, the ’cra.nsform.ation

matrices will be related by

Pen=Jdtp (94)
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where v is a skew symmetric matrix and £ is the original
phenomenological coefficient matrix. Providing W # 0, éuch
transformations will indeed destroy the Onsager relations. How-
ever, Davies argued that, since such transformations "depend
explicitly on the flow coefficients contained in £," these tr_ansforma-
tions can have no physical importance. He then selected W = 0,
which led again to the Onsager relation invariance transformation of
Meixner and de Groot. Hooyman, de Groot, and Mazur(23) later
showed that, if the devi‘ation of the entropy from its equilibrium
value as well as the entropy production are to remain invariant under
these tx;ansformations, then W = 0,

Also, if W # 0, the resulting stoichiometry of the transformed
reaction system is questionable. Recall that the Haij || transforma-
tion, as given by equation (78), is a transformation of the stoichiorﬁet-
_ ric equations, for example, equations (34) and (35). This linear
stoichiometric transformation implies definite velocity and affinity
transformations as given by equations (79) and (80)., These velocity
and affinity transformations were shown to result in the invariance
of the Onsager relations. Inspection of equations (79) and (80) will
show that they indeed obey equation (94) with Wb = 0,

(3)

Recently, Coleman and Truesdell'™’ used the following example

_of‘ the transformations expressed by equation (94),

1
U, =1;i+z wijaj : (95)
J
a. = q. | (96)
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to demonstrate the destruction of the Onsager relations, Using the
examplgs of reactions 1 and 2, an illusltra.tion of Coleman and
Truesdell's velocity transformation, as expressed by equ'atioln (95)
can be given by the following simple ].]Wij || skew symmetric
matrix,

0 .—1.

HW]_JH = % . | (97)

1 O

This transformation is tantamount to using the following stoichiometric -

transformation matrix

D.-L L
4|l PL
+L12+1)

! 12 1

| -L,, Dptly

oIl = - L

y . (98)

21

where DL is the determinant of the original phenomenological coef-
ficient matrix, DL = L11L22 - L12L21 . This Hain matrix
trahsforms the reactions of equation (34) and (35) into the following

new pair of reactions,

2(D; - Ly, +1,,)NO + (D - Ly,)CL, + (-L

12 7122 2212

== 2(D; - Ly, +L,,)NOCL + (-L,,)IC1 - (99)

Z(Lu- DL- LZl)NO + (Lll)C]’Z + (DL + LZl)IZ

== Z(L11 - DL_- LZl)NOCI + Z(DL+ LZl)IC1 . {100)

In contrast, consider Coleman and Truesdell's affinity
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transformation, as given by equation (96). TEquation (80) shows that
this transformation is equivalent to the following ”aij || transfor-

matiOn
llaj Il =8 (101)

which leaves the stoichiometric equations (34) and (35) invariant!
Hence, Coleman and Truesdell's particular.example of a
transformation satisfying equation (94) with W# 0, and thereby
resulting in a destruction of the Onsager relations, requires different
transformed stoichiometric equations, depending upon whether the
flux or the force transformation is used to generate the Haij [
matrix, Obviously, a meaningful Haij || stoichiometric transfor-
mation matrix cannot be generated to simultaneously satisfy a
nontrivial flux and force transformation of the form of equation (94).
In fact, such an Haij || transformation matrix can only be made to
simultaneously satisfy a flux and force transformation if these
transformations are related by equation (91). Such transformafions,

in turn, will preserve the Onsager reciprocity.
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III, EXPERIMENTAL METHOD

The immediate purpose of the experimental work is to deter-
mine the rates of the reactions and the concentrations of the
macr-OSCOPic chemical species as functions of time. Using this
information, various statements of the preceeding section can be
examined.

Although the kinetics of reaction 1 have 'béen studied(sg), no
rate data is available for reactions 2 and 3 However, Yost(59)
indicated that both reaction 2 and 3 were rapid. 5Such a statement
was quantitatively verified by some of our preliminary measurements.

" Therefore, the objective of the experiment is to rapidly mix
the reactants, iodine, chlorine, and nitric oxide and then measure
the conpentrations_of the various chemical species as the system
relaxes to equilibrium. The flow system accomplishes the former
objective while the optical system together with the electrical |
system achieved the latter. |

The flow system is shown schematically in Figure 3. Nitric 3
oxide and chlorine gas are passed directly from cylinders to the
rotameters, which served as ﬂoﬁv rate measuriﬁg devices. Gas
regﬁlators are ﬁsed to control the flow rates.

However, the problem is more complicated for iodine, since
a sufficient quantity of iodine vapor is not available at room tempera-
ftii'e due to.the low vapor pressure of iodine. To overcome this
problem, an argon carrier gas flows over finely ground iodine

crystals which are packed in a jacketed glass column. The column
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can be heated above room temperature by flowing hot water through

the j..acket.. In this manner, appreciable quantities of iodine vapor

can be transported into the vapor phase and passed through rotameters.
The presence of the argon carrier gas tended to damp out thermial
chang_é's in the system. The temperature of all runs differed by less
than 0.7 °C.

A After exciting from their respective rotameters, the reactant
streams are rapidly and thoroughly mixed in a tangential mixing
chamber. The resulting mixture then flows through a transparent
quartz ;'eaction cell.

When a steady state condition is attained in the flow systerﬁ,
high-speed valves are closed, thereby trapping a homogeneous,
reacting system in the reaction cell. The optical and electrical
systems then measure data related to the concentrations as the
system approached equilibrium.

The concentrations are determined by photometric methods
using the optical and electrical systems. ' In this manner, the desired
data can be taken without disturbing the reacting mixture.

A schematic diagram of fhe optical system is shown in Figure 5.
White light is collimated and sent through a solution of cupric sulfate
to attenuate the ultraviolet and infrared components. The light is
then passed through the reaction cell. After being partially abl—
sorbed by the chemical ;species, the light emerges from the cell
and is split into four wavélengths, as shown in Figure 5. Fach light

beam is directed upon a multiplier photbtube, which is utilized to
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to measure the amount of this light absorption in the reaction cell.
The electrical output of each phototube is displayed on an oscilloscope
and photographed. Using these photographs and the Lambert-Beer

law, the concentrations of the chemical species can be determined as

a fun_ction of time.
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IV. EXPERIMENTAL APPARATUS AND REAGENTS

A, Primary; Equipment

The primary equipment is designed to study the behavior of
a particular chemical reacting system. However, due to its versa-
tility, the equipment may be utilized to observe many liquid and gas
phase reactions which can be followed photometrically.

A photograph of this equipment is shown in Figure 2. Two
power supplies appear in the top portion of the picture, the high
Volfage Supply on the left and the low voltage supply on the right.
Directly below the high voltage power supply is a plug—’board which
can be_ used to connect various inputs to a potentiometer. Below the
piug-board is the control panel which covers the majority of the
eléctrica.l system. .

In the right foreground of Figure 2 is the oscilloscope with
'it s camera. The enclosure which houses the optical system is
| directly behind the oscilloscope. The light source is on one corner
of the ‘c')ptical system enclosure, below the rotameters. In addition
to the rotameters, the center of the photograph shows the control
valves for the flow system, the light source control paﬁel, and the

packed iodine column.,
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1. Flow System
By means of the flow system, a homogeneous, gas phase,
reacting mixture of nitric c;xide, 'chlorine, and iodine is isolat;,ed in
- the reaction cell. Figure 3 shows a sc.;hematic diagram of this
syste'm.
| Nitric oxide is passed through a Ma.’chevson Model 14-660 stain-
less steel regulator, needle valve, and chelck valve to a rotameter,
which is used for approximate flow rate measurements. Monel tubing
was used throughout this system in order to minimize attack by the
corrosi\}e chemicals. Similarly, a Matheson Model 15-660 nickel
alloy regulator, needle valve, and monel check valve are utilized
“to c.ontrol the flow of chlorine to a separate rotameter., For the
nitric o:;ide and chlorine strearns,. the check valves are installed_
just d_ownstréam of the regulators and needle valve‘s to prevent any
ﬂow back into the cylinders. |
The flow of argon gas is controiled through a packed bed of
iodine crystals and a rotameter by a .Matheson Model 8-590 regulator
and needlé valve. The packed bed is constructed by'packing finely
crushed iodine crystals. in a 3‘ cm. I D. glass tube which is "necked-
down" and fused onto heavy-walled 3/8 inch glass tubing at each end.
Glass wool is inserted at each end of the 3/8 inch tubing to prevent
the crystals from coming o‘ut.. ‘Around this 3 cm. packed tube is
fused a 5 ecm. L D.- glass tube so that the entire arrangement resembles
a large laboratory condensor. Ports are put into the walls' of the 5 cm.

tube so that hot water can be passed through the jacket formed by the
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3 cm. and 5 cm. tubes. A rectangular enclosure with a lucite front
supports this column and also protects the operator in case of glass
breakage. The column is attached to the enclosure with 3/8 inch,
monel Swagelok bulkhead fittings. The seal to the glass 3/8 inch
tubing is accomplished with a specially bored 3/8 inch Swagelok
teflon ferrule.

| All three rotameters are Fischer and Porter stainless steel
. Purge Meters Model 10A3135N, constructed with a needle valve on the
inlet and a check valve at the outlet. However, the tubes and floats
in these meters differ. The meters utilized for the nitric oxide and
‘chlorine streams used FP-1/8"-08-P-3 tubes and 1/8" glass floats,
while the meter which monitored the iodine—argoﬁ stream used a
FP-1/4"-41-P-3 tube with a 1/4" GSS stainless steel float.

Aiter leaving the rotameters, the nitric oxide and chlorine
‘streams are each put into one port, and the iodihe—argon streém is
'split and passed into two ports of a monel mixing chamber. This

mixing chamber is designed from the recommendations of Hartridge

and Roughton(ls’ 19, 20).

The chamber is made to utilize very:
large fluid velocities to imprové mixing and to decrease the residence
time of fluid in the chamber. The residence time is also minimized
by keeping the chamber volume small.

From the mixing chamber, the stream passes through a high-
speed valve, through the reaction cell, and out through another high-
sp'eed'valve.. The exhaust gas from the last ‘va.lve is emptied into the

atmosphere above the laboratory by means of a blower and a three-inch

diameter polyvinyl chloride pipe.
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The reaction cell is constructed from 12 mm. O. D. quartz
tubing a’.nd can be seen'in the left foreground of Figure 4. Optical
flats, .made. of one-eighth inch thick, optical grade, Corning fused
silica Code 7940, are fused on each end of the tubing,

The high-speed valves are non-destructive and can be opened
and closed repeatedly. They are constructed by properly connecting
and adapting three stainless steel valves purchased from the Vacco
Valve Company. A solenoid valve, SD3-22-3, is used to control
two pneurn'atic’ actuated control valves, COS-3P-401. A high pressure
nitrogen line, maintained at 1000 péig. by a Matheson Model 3-590
high pressure regulator, is connected to the inlet port of the solenoid
valve. Upon actuating the solenoid with 28 volt direct current, the
solenoid valve poppet is dislodged from the valve seat allowing a
shock wave of nitrogeﬁ gas to discharge from the outlet port. The
pneumatic actuated control valves are connected in i:;a.r allel to this
outlet port. With this arrangemeﬁt, the shock wave rams the poppet
of each control valve down, thereby simultaneously closing both
control valves. In this closed position, the control val%res isolate
the -'gaseous.mixture in the reac.tion cell. When the current to the
'solenoid valve is turned off, the high pressure nitrogen loading the
_ poppets of the control valves is vented to the atmosphere. A spring
then returns the poppets of the control vaiveé to their open position.

These valves were modified after they were received from
the manufacturer. The control valves were supplied W’ifh female AN

connections. To improve these connections and to eliminate leakage,
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the inlet aﬁd outlet connections of each valve are machined to accept
a specially designed monel fitting employing a confined teflon gasket
seal. These fittings are used in conjunction with monel bulkhead
fittings to connect each valve to the glass reaction cell. One of the 5e
valv;es is also connected to the mixing chamber, and the other is
connected to the exit blower, as shown in Figure 3.

To stop leaks through the control valves when they are closed,
. the Kel-F seat washer ié replaced by a softer washer of the same
material. In addition, the metal surface below this washef is ground
for a tight fit to the washer. |

Due to the corrosive natﬁre of éhlorine, the O—ringls of the
control valves were replaced with O-rings made of Viton-A., Kel-F
grease was also substituted as 'the poppet lubricant. -

Three modifiéations are made to the resulting valve system to
increase the speed of-operation., The poppet position adjustment of the |
solenoid valve is altered from the manufacturer's recommendations
io optimize operation under the 1000 psigf nitrogen pressure.. In
addi_tion, the springs which returned the poppets of the controllvalves
to their open position when the nitrogen pressure is released are
i‘eplaced by springs with smaller spring constants. Finaliy, the
effective length of the .control valve poppets is increased in order to
decrease the distance the poppet was required to_fravel to close the
valve. |

The final valve configuration was tested and timed by shining

a light through each control valve onto two multiplier phototubes. The
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outputs from the multiplier phototubes were displayed simulfaneously
on the screen of a Tektronix Type 531 oscilloscope equipped with a
Type C-A Dual-Trace preamplifier. With the oscilloscope set on a
calibrated sweep rate, the valves were closed and a photograph was
méde of the traces. The closing time was obtained directly from a
measurement of the trace on these photographs.

The manufacturer of these valves claimed that the solenoid
‘valve would open within 20 milliseconds. However, by using this
solenoid valve to operate the high pressure nitrogen line to the control
valves, the control valves can be closed within three milliseconds.
The valves closed simultaneously within 0. 5 millisecond.

A Sorenson Nobatron low voltage power supply, Model F-28-10,
provides the 28 volt power to operate the solenoid valve. A schematic
diagram of the associated wiring is shown in Figﬁre 6.

' The bulkhead fittings are specially designed and machined .
from monel. As shown in Figure 3, they are mounted on the \.Vall of
the optical system enclosure so that the'reaction cell protrudeé into

the optical system. These fittings employ Viton-A O-ring seals to the
| valve fittings and also to the 1egs of the reaction cell. 'In addition,

one bulkhead fitting is machined to accept a thermocouple probe and
“the other a pressure probe.

. The thermocouple probe is made of monel and has a 0.040 inch
diameter hole in the center. This hole is bo-red‘to accept a small

quart tube which contains a copper-constantan thermocouple. The
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quartz tube is fused at one end, and a drop of silicone oil is placed on .
the tip of the thermocouple junction to increase the effective heat
transfer coefficient to the junction from the quartz wall.

The pressure tap is machined from monel and is used during
1eai< tests of the reaction cell when the control valves are closc_ed.
During runs, the pressure tap is closed with a plug.

Using this flow system, the reactants can be mixed and
isolated in the reaction cell very rapidly. At the lowest flow raté
used in this work, the time required to mix and pass the reactants

completely through the reaction cell was 0. 06 seconds.
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2. Optical System

After the flow system isolated the gaseous reacting system in
the reaction cell, the'purp'ose of the optical system is to work in con-
junction with the electrical system to prodﬁce data which allow the
calculation of concentrations during a run. The optical system is
represented by a schematic diagram in Figure 5. Figure 4 gives a
photograph of the interior of the optical system eﬁclosure. _

The light source is a General Electric Q 6. 6A/T3/C1, 100 watt,
tungsten filament, quartz envelope, iodine filled lamp. The lamp is
soldered into special mounting brackets which can be adjusted by set
screws in a wide range of vertical and horizontal positions. In this
way, the lamp can be placed in an optimum position in the light path.

A quartz envelope is needed for the lamp so that the weak
ultraviolet radiation at 3343 A will not be absorbed. Also, the lamp
is' designed to-operate at high temperatures to enhance the emitted
radiation at these low wavelengths. The intensity does not diminish
over extended periods of time due to deposition or "blackening" of the
quartz envelope with tungsten molecules. The manufacturer claims
that the iodine allows a mechanism to occur which actually deposits ‘the
vaporizing tungsten molecules back on the-hbt filament.

A glowing filament lamp is desired in the experiment because a

stable source is' mandatory. Arc or discharge lamps, which prpduce an
abundance of ultraviolet light, are unacceptable because they are too
unstable. The stability of the light source is also aided by the power

source, two Exide Type LL-57A lead-acid storage batteries. The
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batteries are wired in series to bproduce sixteen volts. A steady
current of approximately '6. 5 amperes is drawn from these batteries
for many hours preceeding and during a run. The batteries have
ample storage capacity, being each aboﬁt four cubic feet in volume
afld 600 pounds in weight, An electrical diagram of the light source
controls is shown in Figure 6. When not used to actuate the solenoid
valve, the Nobatron low voltage power supply is uséd to charge these
batteries,

The light from the lamp is first partially collimated by a double
convex lens with a focal length of 15 mm. and a diameter of 17 mm.
This lens has sufficient transmittance in the near-ultraviolet region
of the spectrum to pass the desired wavelength of 3343 A, As shown
in Figure 5, the lens is mounted in the opening of an enclosure so that
the light must pass through the lens before entering the next stage in
the optical path. |

After leaving the lens, the light passes through a solution of
cupric sulfate which is mounted in a transparant quartz cell. This
soiution attenuated most of the ultraviolet rays, which may cause
photochemical effects, and also attenuated the red and infrared wave-
lengths which have a marked heating effect. Since this solution
absorbed the majority of the heating rays, it is contiﬁuously cooled
by passing dry air around the cell,

Next, the light enters a collimator which is made from a fi\}e
inch long, one-half inch diameter tube. The tube contains disks with

one-eighth inch diameter holes in their centers. The disks are
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placed by hollow spacers every one inch along the tube. All inside
surfaces of the collimator are pained with dull black Eastman Kodak
No. 4 Brushing Lacquer to minimize any reflections which would
degrade the collimation. "

_ _'Lea,ving the éollirnator, the narrow beam of light passes
through the reaction cell. Care is taken to align the beam so that it
passes through the center of the react’lén cell and no reflections or
scattering occur on the sides or corners of the cell.

As shown in Figure 5, the beam is split into four separate
beams of continuous light by three mirrors. Although the bottom
mirror is made from quartz to transmit 3343 A, the other mirrors
are gonstructed from glass. They were made by Thin Film Products,
Inc, of Cambridge, Massachusetts to reflect about fifty percent and to
transmit aboﬁt fifty percent of the incident radiation by depositing the
proper thickness of inconel on the glass or quartz base. Inconel was
chosen because it has a high reflectivity in the visible and ne arvultra-
violet regions of the spectrum and also because it tarnishes much less
than most common reflective mater.ials. These mirrors are sealed
in a quartz or glass cover material as an added protection against
scratching or damage to the inconel layer.

The mirrors and interference filters are érranged in the manner
shown in Figure 5 because the light reaching this- system is richer in
the longer wavelength radiation, such as 4900 A, than in the near-ultra-
violet radiation, such as 3343 A, Therefore, each wavelength is’

separated in the order of increasing wavelength.



-52-

The narrow bandpass interference fiiters, which isolated the
desired spectral regions from the continuum of each of the four
beams, are examples of the recent achievements of optical technology.
They are made by depositing more than forty extremely thin layers
of die_:lectric material upon one another. The transmittance curves
of these filters are shown in Figures 1l through 14. In addition to
the characteristics shpwn in these figures, each filter is blocked to
approximately 8000 A. As shown in Figure 5, the filters are
mounted in the openings of light-tight enclosures so that each multi-
plier phototube only enc;ounters radiation transmitted by its own
filter.

The entire optical system, including the reaction cell, is
houé ed in the light system enclosure, thereby preventing any extrane-
ous light froﬁ affecting the measurements. A photograph of the |
interior of this enclosure is shown by Figure 4. The interior 'is
coated with dull black Eastman Kodak No. 4 Brushing,Lacquer'in

order to absorb undesirable reflections.
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3. Electrical System

The light intensity of each light beam incident on the multiplier
phototubes is converted into electrical signals by the electrical
system., The diagram ofthe main electrical system is shown in
Figure 7.

Tile overall amplification of a multiplier phototube is highly
dependent on the voltage per stage. Even slight changes in overall
voltage will résult in large changes in amplification. Therefore,
only high quality, wire-wound resistors are used in the voltage
divider circuits of the multiplier phototubes. Also, very stringent
stability requirements are demanded of the power supply to these
divider circuits and multiplier phototubes.

A regulated, high voltage power supply provides 1500 volts
direct current to the multiplier phototubes and their voltage divider |
circuits, The power supply is a Model 1325, manufactured by the
Calibration Standards Corpor'arion. For this application, the manu-
facturer increased the current output of this unit to 50 milliamperes.
The ripple and regulation of the unit are well within the manufacturer's
specifications, which are excellent,

A ten-stage, Type 6292 multiplier phototube, manufactured by
the Allen B. DuMont Labdratories, Inc., is used to monitor the wave-~
lengths of 4900, 4716 and 3802 A, This phototube is a member of a
series of phototubes that has a silver—magnesiﬁm photocathode which
giveé very stable operating characteristics. Also, the spectral

response of this tube is particularly suited for these wavelengths,
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This Type 6292 tube is selected because it has a separate connection
in the base so that the potential of the focusing shield can be inde-
pendently adjusted to optimize the collection of photoelectrons on the
first dynode. Smaller tubés in this series do not have this feature.

Due to the poor sensitivity of the Type 6292 tube at 3343 A,

a Radio Corporation of America 1P28 multipligr phototube is used to
follow this wavelength, Although the tube has only nine stages,
adequate amplification is obtained because the wavelength of maximum
response is 3400 A, This phototube has many industrial and labora-
tory applications and is very stable.

In selecting an individual tube, several tubes of the same type
are purchased, and their output characteristics are examined from
osc'illoscope.displays. Only the most stable tubes are retained and
employed in fhe experimental work, Afteir a tube is accepted, it is
aged at 1éast forty-eight hours in the dark at the operating voltage.

In operation, all the multiplier phototubes are shielded from
magnetic and electrostatic fields by wrapping a high mu-metal shield
around each tube and maintaining the shield at the high potential of
the photocathode. The shield is also maintained at cathode potential
‘to prevent charging of the glé.s s envelope of the tube.

The measurement of the concentrations of the chemical
species is complicated because_ extremely low light intensities and
concentrations are used. In order to secure the desired amplification,
the multiplier phototubes were operated close to their maximum rated
output, Although. the output current was unusually large, the voltage

per stage was maintained at the values recommended by the manu-
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facturers to secure the optimum signal-to-noise ratio. The large
currents in the last stages of the phototubes caused voltage drops
which must be consa.derud in the design of the voltage divider
circuits. Otherwise, the voltage ratios in these circuits and
bétwe_aen dynodes would be upset, thereby causing a non-linear
response of the multiplier phototube. This problem was avoided
by keeping the current flow through the divider circuits about ten
times the average anode current( 12 47)

The voltage divider circuits are shown in Figure 7. To be
certain that most of the photoelectrons emitted by the photocathode
were drawn into the multiplier section of the m’ultiplier phototubes,

a voltage drop between the photocathode and first dynode is twice |
the. voltage drop between any two dynodes. By adjusting Rl’ the
focusing shield is maintained a few volts more positive than the
photocathode in order to enhance this collection.

Due to the high currents in the voltage divider circuits;
appreciable heat 1s produced. Therefore, the main electrical
circuits are isolated in a separate enclosure from the multiplier
phototubes in the optical system enclosure. Not only would excessive
heat increase the undesirable thermionic emission of the multiplier
phototubes, but also it would heat the gas mixture in the reaction cell,

To eliminate the high frequency noise components from the '
-output signal of the multiplier phototubes, the anode is connected to a
low-pass, Pi-type filter, The filter is designed so that attenuation

frequencies beginning at 54, 416, or oo cycles per second can be
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selected by turning fhe .switch Sl' At the lower attenuation fre-
quencies, rapid changes in the signal are damped out or distorted
even though more noiske is filtered out at lower than at higher attenu-
ation frequencies. Therefore, the speed of the signal change
dictates the particular filter attenuation freciuency which is used.
The noise level is alép reduced by electrostatically shielding all the
wiring which carries the signal,

| The filtered signal then passes to the null and measuring
circuits, which are shown in Figure 7. R8 is a ten-turn Helipot and
Ry .

reactants flowing through the reaction cell, R8 is adjusted so that

R5, R6’ and R7 are precision wirewound resistors. With the

the reading on the oscilloscope is zero. This means that the voltage
drop across R4 plu'_s R5 is equal to the volta'ge drop across R6
plus R7. When the valves are closed, thereby isolaﬁng the .reacting '
‘system in the reaction cell, the voltage drop across R6 and R7
changes as the reacticlan progres ses;v This change in voltage is
measured by the deflection of the oscilloscope trace because the
'}olta'ge drop‘across R4, and R5 remains constant, as dictated by
the setting of RS'

A l.eeds and Northrup K-3 potentiometer is used to measure
the statig voltage across R4 plus R5 and across Ré and R7.
Actually, the voltage .across these resistors together exceeds the
range of this potentiometer. Therefore, the resistance ratios
RS/(R-AI + Ré) and Ré/(Ré + R7). are calibrated, and the potentiometer |

is connected to read the voltage drop across either R5 or Ré.
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Knowing these resistaﬁce ratios, the vol’cé.ge drop.across R4 plus
Rs or R6 plus R7 can be determined by measuring the voltage
drop across 'Rs or Ré.

A Tektronix Type 531 oscilloscope with a Type M four-channel
plug-in preamplifier is used. The four traces, representing the.
time behavior of each multiplier phototube output, are photographed
with a Tektronix C-12 oscilloscope camera using a Polaroid Land

Roll Film back with Polaroid Type 47, 3000 Speed film.
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B. Vacuum System

The vacuum system is used to make mixtures of the various
gaseous chemical species used in this experiment. Small optical
cells used in the Cary Model 14 recording spectrophotometer and
als§ lar‘ge, five.;-liter bulbs, used to flow calibration mixtures
through the flow system, are filled by means of this vacuum system.

A photograph of the vacuum system is shown in Figure 8.
‘The system is mounteci on a sturdy and light frame, thereby making
the system portable., An Edwards Speedivac Model ISC50B single
stage high vacuum pump is connected to the glass vacuum system
by a Viton-A O-ring seal. This pump is protected from the vacuum
system by a cold trap which is immersed in liquid nitrogen. When
corrosive gases are used, Type AW500 Linde Molecular Sieves
are placed in the cold trap to prevent any corrosive gas passing into
the vacuum pump.

The main manifold of the system is 15 mm. tubing and.can be
isolated from the pump and cold trap by a 10 mm. high-vacuum stop-
cock. Two tapered joints, provided with 4 mm., high—%racuum stop-
cocks, are fused into the main.manifold to allow connections for
filling either the Cary optical cells or the five-liter b.u.lbs.

| Provisions for connecting the vacuum system to metal gas
cylinders is also provided. Three connections, employing 2 mm.,
high-vacuum stopcocks and Kovar glass seals to 3/8 inch stainless
steel tubing, are connected to monel Swagélok bulkhead fittings.

These fittings are rigidly mounted to the frame of the vacuum
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system. Lines from the cylinders can be easily connected to the
vacuum system by means of these fittings without danger of undue
stressing of the glass. |

Low vacuum pressures are measured by a Todd Universal
Vaémim Gauge, a three scale McLeod type gauge. A 160 cm. mercury
manometer and a silicone oil manometer are also employed as
pressure measuri;lg devices. The McLeod gauge is fused directly
into the main manifold, while the manometers are connected 1;6 the
manifold by Viton-A (j—ring vacuum seals. FEach aevice can be con-
nected to the main manifold by turning 2 mm., high-vacuum stopcocks.

The silicone oil manometer is an improvement on the design
recommended by A, T. J. Hayward(21). When o0il manometers are
used at low pressures or to measure pressures relative to a vacuum,
errors are often introduced due to the release of small amounts of
gases whiéh are dissolved in the oil. Hayward's design avoids. this
problem by providing an arrangement which will permit the oil to be
quickly freed of these dissolved gases before each measurement. A
diagram of our manometer is shown in Figure 9.

Meaéurements are taken with the manometer in its upright
position, as shown by the dashed lines. Preceeding a measurement,
the manometer is tilted on its side by turning it in the specially
designed, rotating O-ring vacuum seal. | In this position, a maximum
surface area of the oil is exposed to vacuum. By exposing the oil in
this manner, and by slightly agitating the .manometer, the dissolved

gases are quickly expelled from the oil.
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In our design, two ”de.—aeration" chambers are used to
increase the surface area of the oil and also to allow a ﬁlace for the
0il to flow from each 1eg of the manometer when the manometer is
turned on its side. With a "de-aeration" chamber connected to only
one leg of a manometer, excessive time is consumed in adjusting
the manometer so that the oil from both legs can flow into the one
chamber. In addition, the "de-aeration" chambers are set about
ten degrees to the axis of the 1egé to allow the oil to drain by gravity
into the chambers while the chambers remain horizontal., The con-
necting tubing to the O-ring seal is only open at the bottom side so
that oil cannot run into the vacuum system when the manometer was
tilted.

DC 200 silicone oil, manufactured by the Dow Corning Corpora-
tion, is used as the manometer ﬂuid. This oil possesses desirable

viscosity, density and gas solubility properties.
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C. Reageﬁts

The iodine crystals which are us ed in the iodine column were
Baker and Adamson Reagent Grade Resublimed iodine, claimed to
have 2 minimum purity of 99.8 %, The maximum limits on the im-
pﬁrities are stated to be 0,005% for chlorine and bromine, and
0. 010% for non-volatile impurities.,

The gaseous reagents were all purchased from The Matheson
Company, Inc. The minimum purity for the argon is 99. 98%, with
typical impurity analysis on our sample of 1/2 to 1 ppm. of water, 1
to 2 ppm. of nitrogen, and 1/2 to 1 ppm. of oxygen.

The chlorine was specially prepared by The Matheson Company
~and is stated to have a purity of 99.9%. The impurities are claimed
to be less than 200 ppm. of carbon dioxide, 50 ppm. of éxygen, and
100 ppm. of nitrogen.

OQur nitric oxide sample has a minimum purity of 99. O%, The
impurities were less than 400 ppm. of nitrogen dioxide, 0,42%
nitrous dioxide, and 0.56% of nitrogen.

These analyses were only checked qualitatively by obtainiﬁg
the absorption spectrum of each reagent in the infrared, visible,
and ultraviolet regio.ns of the spectrum. A Cary Model 14 recording
spectrophotometer was used for this purpose, Nothing was found

to discredit these analyses.
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V. EXPERIMENTAL PROCEDURE

The high-voltage power supply to the voltage divider circuits
and multiplie:r phototubes is turned on at least eight hours prior to
a run to allow for temperature stabilization of the electronic equip-
ment. Only two hours are needed to allow the system to stabilize
after the light source is turned on.

Although the Tektronix equipment is very stable, adequafe
time is given the oscilloscope and four-channel preamplifier to
warm up. Before_ the final series of runs, the oscilloscope and
preamplifier were calibrated by the Tektronix Corporation. The
"DC Balance" and "' Gain Adjustment" for each channel of the pre-
amplifier are checked before each run. The preamplifier is used
only in its "chopp.ed” mode. For each channel of the preamplifier,
the variable gain control is set in the calibrated position, and the
nérmal DC mode is used.

The initial oscilloscope traces are started at the moment
the control valves are closed to isolate the reacting system. Such
"triggering" is accomplished by connecting a line in parallel from
the solenoid valve to the trigger input of the oscilloscope, as shown
in Figure 6. Incidentally, the resistance value in this circuit is
selected so that triggering will occur without disturbing the initial
characteristics of the traces. In addition, the external DC trigger-
ing mode and a positive trigger slope are used. The triggering |
level and the stability of the trigger are adjusted for optimum

conditions before each run.
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With transparent argon ‘gas flowing through the reaction cell,
switches, S3, are opened to disconnect the oscilloscope from the
circuit. Under these conditions all of the anode current goes
' through Ré and R7. The voltage drop across R:’) is measuread
with the potentiometer. This voltage was proportional to Vs
which is discussed in a subsequent section.

With four simultaneous traces on the oscilloscope screen,
the resulting photographs are somewhat confusing. To minimize
this problem, each trace is started at a different point on the
screen by adjusting the position controls for each channel of the
preamplifier. Figure 15 gives an illustration of these photographs
for Run 17.

The sweep rate of the oscilloscope and the verticél_sensi-
tivity of each channel of the preamf)lifier are then se£. The current
and voltage drop through the light source are recorded. The latter
provi'ded a warning when the tungsten filament is going to burn out.
The output current from the anode of each multiplier phototube is
recorded. The null point for each trace is then noted by shorting
a wire across the inputs of each channel. With all the preliminary
adjustments made, the equipment is ready for a run.

The reactants, iodine, chlorine, and nitric oxide are allowed
to flow through the reaction cell. After steady state conditions are
reached, the rotameter readings are recorded. The switches S2
and S3 are closed and R8 is adjusted for each channel so that

each trace is approximately at its null value. The camera shutter
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is opened and the solenoid value is fired, thereby isolating the
reacting mixture in the reaction cell and simultaneously .triggering
the sweep of the four traces on the oscilloscope screen.

With the oscilloscope traces recording the progress of ‘che.
reaction, the triggering mode of the oscilloscope is changed

from "external DC" to "automatic, "

so that the succeeding sweeps
will be initiated automatically as each preceeding one is completed.
In this manner, the entire progress of the reaction is followed.
Polaroid photographs are taken of each sweep and the‘ film is
changed when necessary. If a trace progresses so far in a vertical
directi'on'that the trace goes off the screen, thé vertical sensitivity
of the particular channel is decreased in order to return the trace
to the screen.

When the traces finally level off, the run is terminated.
The temperature in the reac_tion cell is me asui'ed, the valves are
opened, and the chemica.l.slare flushed out of the reaction cell .with
argon gas. The voltage dr'op across R5 for each channel is
_ measured with the potentiometer. This voltage is proportional fo
the voltage set by R8' As a _fiﬁal che ck for consistency and drift

of the optical or electrical system, v, is again measured by the

method outlined above.
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VI. ANALYSIS OF DATA

" The raw data consi_s’ced primarily of the photographs of the
oscilloscope traces, the potentiometer readings of the voltage drop
across R5 and across Ré’ and the vertical sensitivity settings of
each channel of the preamplifier., These data are used to calculate
the concentration of each of the five chemical species and the velocities
and affinities of each reaction as functions of tirﬁe. Also, the coef-
ficients in the phenomenological equations are eventually evaluated.

Light passing through the 're.action cell produces a voltage by
means of the electrical s*}stem, Preferably, this voltage should be a
linear fﬁnction of the intensity of the 1igvht. Fortunately, both the
‘DuMont Type 6292 and the RCA 1P28 multiplier phototubes produce
an anode current which is proportionél to the incident light intensity on

- their photocathodes(lz’ 47),

i=s1, (102)

where s is the overall sensitivity of the multiplier phototube. As
shown in Figure 7, this current is passed through two fixed resistors,
R6 and R7. The resulting voltage drop across these resistors, as

given by equation (1O 2) and Ohm's law, is

v = (Ry + Ro)sI. (103)

=)

Therefore, the ratio of the transmitted to incident light intensity can

be shown to be
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v/v, = i/IO S (104)

from equation (103).

With no absorbing species in the reaction cell, v is equal
to the voltage drop across both Ré and R7. For each channel, v,
is eésily calculated by multiplying the voltage drop across R6’ as
measured by the potentiometer, by the resistance ratio (R6 + R7)/R6'
The calculation of v, however, is more complicated.

v for each channel is equél to the voltage drop across both R6
and R7 when absorbing species are present in the reaction cell.
Since this voltage 'changed' rapidly during a run as the reaction prol—,
greSSed,. some means with an adequate time response was needed to
record the dynamic behavior. As explained in the preceeding section,
an oscilloscope with a camera is used to record this behavior.

The following relation exists between the voltages across R6

and R7',' R4 and R5, and the oscilloscope,

c. (t) . (105)

v(t) = ve tvy = (v4 t vt vog
(v4 + v5), as dictated by the setting of the variable resistor R8’ is
simply calculated by multiplying the voltage drop across R5 by the

resistance ratio (R, * Rg)/R;. At any time, v is computed by

osc.
multiplying the vertical sensitivity of the particular channel of the

oscilloscope by the algebraic distance that the trace is displaced from
the null point on the screen. If the trace is below the null point, Vosc

is positive. Otherwise, v is negative.
_ osc.

Before using the values of Vosc in equation (105) to calculate
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v(t), these oscilloscope voltageé are corrected for parallax error

of the oscilloscope camera. This error arises because the phosphor

of the cathode ray tube is not in the same plane as the oscilloscope

graticulé. Starting with the trace for each channel in its null position,
various voltages were applied to the oscilloscope from a potentiometer

and the resulting deflection of the trace was photographed. Also, a

signal from a square wave generator was applied to the oscilloscope

at various sweep rates and photogx;aphed. From these photographs,

a parallax correction could be computed and applied to correct not
-only the magnitude, but also the time dependence of Vose. *
These corrected oscilloscope voltages are then plotted as a
‘ function of time. Small gaps are present in this data because time
is réquired to change film in the camera as the run progressed. A
continuous curve is drawn through these points,- .and voltages are
selected at five second intervals to be used in the calculations.. The
values of (v4 + v5) a1;1d these oscilloscope voltages are then substituted
into equation (105) in order to calculate v as a function of time for
each channel, |

The fundamental equation of the experimental work is the

Lambert-Beer law,. which is discussed in Appendix 5. Figure 10
illust:.;ates the variation of the extinction coefficients with wavelength.
Data for nitric oxide is not shown in this figure because nitric oxide
is transparent in the visible and near-ultraviolet regions of the
spectrum. -Extinction coefficients which were used in the calculations

are tabulated in Table IV. and discussed in Appendix 3.
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Unfortunately, as an examination of Figure 10 will show, none
of the four species have a spectral region of absorptioﬁ which is not
shared by the others. Therefore, the simple Lambert-Beer law .

expression, equation (5-1) of Appendix 5, must be replaced by

pol
.
I(N) = I_(\) exp ; -Z C e, (M4 g . (106)

i=1
Since nitric oxide does not absorb light in the visible and near-
ultraviolet regions, the concentrations of iodine, chlorine, iodine
monochloride, and nitrosyl chloride can be found by solving the
following equations simultaneously

fa
i=1

(v(t)/vo)}\ = exp % - Sﬂ Ci(t)ei, % % v=1,2,3,4. (1o
The wavelengths used in this experiment were selected in order to
minimize the possibility that the four.-by.-four matrix of extinction
coefficients, shown in the equation above, will be singular.

The solution of equation (107) is possible, but often giveé
inaccurate concentrations due to large propagation of the error in
the extinction coefficients. This problem can be minimized by |
using only two of the four equatiéns given above with a material
balance on the chlorine and iodiné atoms. The initial concentration
of iodine monochloride is assumed to be negligible compared to
the initial concentration of iocdine in the reaction cell, Also, the
initial concentration of nitrosyl chloride is assumed to be negligible

to that of chlorine., In this manner, the concentrations of iodine

monochloride and nitrosyl chloride can be calculated as functions of
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time from data taken on only the 4900 A and 3802 A channels. The

equations which are used for this purpose are

6

\ 4900 i
2’
@) = | 1a (vi/v(t) -——-—--—-——> In (v/v )
“ran ( )4900 (€c 1,,3802 %3802
€ - l_— €
- €NOCL, 4900 ~ Z €C1,, 4900 .
) (6 1. )
NOC1, 3802 ~ 2 Cl,, 3802

.X [ln (Vi/V(t)> 2502 + ( 2’3802 >1n (V /v )

I 4800 4900j

‘ 1 \
Y o1 L
' [(GICI, 4900 ~ 2 exz, 4900 ~ 2 EC12, 4900/

(o]

| | )
€NOCl, 4900 ~ 2 6012, 4900
. ( -
>

)

€c1., 3802

€NOC1, 3802 -

)

I |
X'(€IC1, 3802 " Z €C1,,3802 ~ Z °L,, 3soz> (108)

and
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| o . ' €c1 ,4900'
Crocy(® = 1n(v1/v(t)> # (=2

In (v v \
4900 Cl,, 3802 /3802
€ -l -l
( IC1, 4900 ~ Z €1,,4900 2 €C1,, 4900
- 1 ] >
€1C1, 3802 " 2 Ec:Lz, 3802 " 2 EIZ, 3802

I 3802
(e

X {111 (vi/v(t)> in (v/v

3802 4900 4900.]

: 1 ‘
=1 [(GNO(31,4900 2 Ec12,4900)

. 1 %
B (ENOCI, 3802~ 2 6c12, 3802)

ClL,, 4900\‘1 )
i1 . (109)
) H

1

€1C1,4900 "3 € I, 4900
x( T
5

L.
2 €
le
c1 ,38027 2

€
IC1, 3802 2 IZ’ 3802

The concentrations of iodine and chlorine can then be computed

from

€0 = m(v/v >4900/ I,,4900 ~ 3 Croy® (110)

i
1
C (t) = In{v/v € - = (t) - (t) .
Cl2 ( 0)3802/ C12,3802 2 ICl 2 NOCl

(111)
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The time dependence of the concentration of nitric oxide is
evaluated by first calculating the conc entration at some point in the
latter stages of a run. Knowing the nitrosyl chloride concentration
as a function of time and using a mater’ial balance on the aitric
oﬁide molecule, the nitric oxide concentration can be calculated as a
function of time. The details of this computation and the assumptions
involved ére discussed in Appendix 2,

To find the velocities of reactions 1 and 2, the concen’crati‘ons
of chlorine and iociine are differentiated numerically. The first
seven consecutive points in a run are fit by a parabola using the

(8)

least squares method of Deming' ', The slope at the first four
points is found by analytically differentiating the resulting equation.
The parabola is then fit to the second through eizhth point, the third
through ninth, etc., and the resulting equation of each fit is differ-
entiated to find the slope at the midpoint of each fit, In this manner,
the derivative was generated through the entire set of data points.
For the last fit in a run, the resulting equation is differentiated to
find the derivative for the final four points.
The method for calculating the affinities is discussed in

‘ Appendix 4. Equations (4-25) and (4-26) are used in this calculation.

' All of the calculations which have been discussed were pro-
gramméd and performed on a digital computer. For this purpose,
an IBM 7094 high-speed digital computer was used.

In correlating the velocity and affinity data, other functional

relationships in addition to the linear phenomenological equations,
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equations (30) and (31), are examined. The velocity of a reaction
can be expanded in a Taylor series expansion in terms of the two

affinities as independent variables to give
2

1‘“\—“ ' _
i J Z.JAJ 1Jk3k112 (112)
j=1 j=1 k=1

This equation reduces to the linear phenomenological relations if
the quadratic terms are neglected. The velocity and affinity data for
each reaction of every run are fit to equation (112). Also, é fit is made
to all other forms of this equation constructed by deleting one. or more
phenomenological coefficients in this equation.

These correlations are performed by the least squares

(8)

method of Deming This method is programmed for general
application of the IBM 7094 digital compu:ter(58). Using this approach,
the least squares procedure can be applied to situations where several
variables have error which is not uniformly distributed over the range
of variables. Double precision arithmetic is employed in all matrix
inversions of this program.
A convergence problem is encountered when each velocity and

both affinities are assumeci to have error. However, this problem
- can be overcome by first making a fit aséuming only the velocity has
error. Then the phenomenological coefficients obtained from this |
fit 4are used in a program which assumes that both the velocity and

an affinity have error. Finally, the resulting coefficients from this

fit are utilized to calculate the fit with the velocity and both affinities

having error. The error in each variable is estimated by examining
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the scattei‘ in the velocity and affinity data.

The variance of each fit is computed. In this way, the good-
ness of each fit can be compared. Also, the 95% confidence limits
based on a Student-t distribution are calculated for each coefficicnt,
The details of these calculations are discussed by Deming(g).

Not only are many forms of equation (112) used in these cor-
relatiozis, but also different regions of data are examined in these
fits. First, a fit is made using all the data of a run except the first
few points that may ~shovv erratic behavior of the affinities. Then the
fits are made using data from a later point through and including the
last point of a run. Successively smaller regions of data are examinéd,
always including the last poiht of a run, until only-a small part of data
at the end of a run is r=tained. In this way, the change in the
phenomenological coefficients of each equation and the applicability
of the equations themselves can be examined as the run appz;oaches

equilibrium.
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VII. EXPERIMENTAL RESULTS

The results of the galcuiations discussed in the previous section
are given for Runs 11, 12, 13, 16, and 17. Dafa for earlier runs are
‘not shown because these runs were performed primarily to observe the
 behavior of the equipment. Electrical noise, presumably produced
by some source which was external to the laboratory, adversely
affected the oscilloscope traces for .Runs 14 and 15. Therefore, the
data for these runsvare not comparable in quality to those Qf other
runs and are rejected.

The tabulated results are not smoothed or adjusted to improve
their appearance. They are taken directly frém the computer output.

Run 17 is arbitrarily chosen to graphically illustrate the be-
havior and trends of the results. The results of this run are con-
sidered typical.

The calculated concentrations of iodine, chlorine, iodine
monochlorine, nitrosyl chloride, and nitric oxide are shown in
Table I. For Run 17, these results are also shown graphically in
Figures 16 through 20. |

The time dependence of the chenﬁcal affinities, wvelocities,
and affinity-velocity products for reactions 1 and 2 are given in
Table II. The affinities are scattered during the first few points Qf‘

a run because the method of calculation is very sensitive to small
fluctuations of the concentrations at these points. As a result, their
entries have been omitted from Table II. For Run 17, the affinities

are shown in Figures 21 and 22, and the velocities are illustrated in
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Figures 23 and 24.
| " The significant results of the least squares correlations of
the various functional relationships between the ve_locities aﬁd
chemical affinities are shown in Tables IV and V. The results in
Table IV are statistically the "best'" values of the phenomeﬁological
' coeffic{ents for the last region of data used in the correlations.
Table V gives the complete tabulation of the phenomenological coef-
ficients.

| The "best" values presented in Table IV are selected from
Table V in the following manner. The variance of the fit for each
correlation over a particular region of data are compared using a

(8)

one-—percerﬁ: F-distribution Occassionally, this méthod of com-
parison shows that more than one correlation is equally significant.

In these cases, the confidence limits of the phenomenological coef-
ficients are examined o select the "best" fit. In addition, when the
same correlation is the "best" fit for not only the last region of. data, but
also the preceeding re.gion, the phenomenological coefficients for both
regions are shown.

A discussion of the erfor associated with the experimental
work is given in Appendix 6. The maximum uncertainties in the "best"
phenomenological coefficients presented in Table IV are slightly better
than. ‘chqse 'gix}en in Table V. The maximum uncertainties in L11 ~and
lLZl in Table IV are less ‘than 20% of the magnitude of the coefficient.
The maximum uncertainties in le, LZZ’ and the coeffigients of the

quadratic terms are less than 40% of the magnitude of the coefficient.

The complete listing of the phenomenological coefficients is
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presented in Table V. The first half of this table presents the coef-
ficients of the least squares correlations with the velocity of reaction 1

as the dependent variable; that is, the coefficients L. L

e T2
Ly, and Lo,,. The coefficients for the correlations with the velocity
of reaction 2, LZl’ LZZ’ L211’ LZlZ’ and LZZZ’ are shown in the
s‘ecor}d half of the table. The variance for each fit is included.
As discussed in the previous section, various regions in the
data are used in these correlations. However, when the number of
data points becomes too small, the variance of the fit becomes several
orders of magnitude la.rger than the variances using more points, or
the confidence limits on the coefficients become larger than the mag-
nitude of the coefficients. These fits with too few points are not shown.
The terms containing affinities in the first degree, that is,
the terms with Lll’ le, LZl’ and LZZ’ are not arbitrarily assumed
to be more significant than the terms with the affinities in the second

degree, that is, terms containing L L

e Mz Mazzr o T 3nd
LZZZ' For almost all correlations, the confidence limits on the coef-~
" ficients of the quadratic terms are a much greater percentage of the
magnitude of the coefficients than the confidence limits for the coef-
ficients of the first.degree terms.

In addition, various fits are made deleting either one or both
terms of first degree and substituting one of the three quadratic
terms in its place. Such a.substitution is done to see if the fit can

be improved. In all cases, the variance of the fit increased greatly.

For these reasons, the terms containing the affinities in the
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first degree appear to be more significant in attaining a good fit to
the data than the quadratic terﬁs. Therefore, Table V shows that
as the number of terms included in a fit are decreased, the quadratic
terms are deleted first while terms in the first degree are retained.

| As more terms in the expansion, equétion (112), are con-
sidered, eventually the least squares matrix becorﬁes singular, the
confidenée limits on the coefficients become larger than the magnitude
of the coefficients, or the least squares program fails to converge on
values of the coefficients. Any of the se phenomena may indicate that
the functional relationships between each velocity and the afﬁnities.
contéin too many terms., These inferior correlations are also not
included in Table V.

Figure 25 shows a graphical comparison fqr Run 17 of the
velocity of reaction 1 measured experimentally with that predicted
from the least squares correlations. The results of correlations
made with data from 70 to 600 second.s are shown together with the

results using data from only 470 to 600 seconds.
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VIII. DISCUSSION OF EXPERIMENTAL RESULTS

The time dependence of the concentrations and velocities does
not indicate simple kinetic behavior. Perhaps a rapid kinetic path
is présent initially which soon reaches equilibrium thereby allowing
a slower path to determine the overall reaction rate. The rapid
path appears to involve the macroscopic species iodine and iodige
monochloride. |

For all runs, reactionl is far from equilibrium, as shown by'
its chemical affinity. Al/RT varied from about 20 to 10. However,
reaction 2 seems to be close to equilibrium throughout a large portion
of each run. AZ/RT varied between abou"c 1.0 and 0.0. Since
:eaction 2 is so close to equilibrium conditions, small adjustments
of thé initial concentrations of a run can result in the existence of
a negative AV product for this reaction. The affinities of both

- reactions relax monotonically toward their equilibrium vélues of
zero as expected.

The sum of the AV products is always pos'itive. This result
agrees with the.prediction of eqﬁation (13), which is a consequence of
the Second Law of The rmodynamics.

| Although the sum of the AV producfs is always positive,
Table II shows that the AV product for reaction 2 is negative for
Runs 12, 16, and 17.. This result conforms to the AV product cri-
terion for coupling discussed previously. However, since the AV
prociuct for reaction 2 in Runs 11 and 13 is positive, the AV product

criterion for coupling appears to be a sufficient, but not necessary
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condition. Such a criterion is not as general as the one proposed by
equation (29).

Also, since the AV product of reaction 2 is negative in
Runs 12, 13, and 17, reaction 2 appears to be running backward, that
is; in a direction which is not spontaneous. Van Ryss’elberghev has
mentioned that such phenomena exist in complex biological sys-

terns(50, 51, 52, 55)

, but this set of chemical reactions may be the
first example of an inorganic system whiéh shows this type of be-
havior. Although this fact may be interesting, it is certainly not
profound because the entire system is'proceeding in the proper
direction as indicated by equation (13). The presence of the negative
AV product may be physically explained by the existence of additional
kinetic paths than those which occur in thel presence of reaction 2
alone. .

Figure 25 illustrates that the phenomenological rate expres-
sions, given by various forms of equation (112), do not closely
approximate the experimental data even whén quadratic terms are
-used. However, the correlations agreed in most cases to approx{-
mately ten percent with the exi)erimental data over the central portion
of a fit.

Table V shows that the linear rate laws become better approxi-
mations as the system approaches equilibrium. In fact, the "best”
fits, as shown in Table IV, are éhe se linear relationships which
de scribe. V, for the last region of data in Runs 12, 13, and 16. The

1

linear expressions describing V, are also the "best" representations
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of the experimental data for the last regions of data in Runs 11, 16,
and 17. |

Over the regions in which these linear relations are "best, "
Al/RT is as large as 13. 5, but AZ/RT is no greater than 0. 25.
This result may indicate that the linear relationships can be useful
in describing the behavior of a reaction in regions where A/RT is

(46)

greater than 1.0. Prigogine, Outer, and Herbo note-d this same
result during their study of the applicability of linear phenomenologi-
cal l.aws for a single reaction. |
The existence of the negative AV product shows the presence
of coupl'ing in this system. This conclusion is also substantiated by

the statistical significance of the "coupling coefficients, " and L.,.

L2 21

The Onsager reciprocity relations state that the coupling
coefficients, le and LZI’ s.hould be equal when the linear rate laws
are reasonable approximations of the behavior of a system. Inspec-
tion of the values of le and L21 in Table V where the linear rate
laws have been used show a large discrepan'cy between these coef-
ficients.

However, most of the correlations in Tablel V employing the
linear rate law may not be adequate descriptions of the behavior of
kthe system. By referring to Table IV, only in Run 16 do the linear
rate laws appear to be the "best" correlations to describe the
velocities of both reactions 1 and 2. Hence, a comparison of le

and I_.21 is reasonable for this examplev. Even in this case the

discrepancy between these coefficients is at least a factor of -200.
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Although the linear rate laws may be adequate representations of the
data over the regions which are fit, reaction 1 is not close enough
to equilibrium to aliow the curve which is produced by this fit to be
extended through the origin.

In. order to obtain adequate data fo test the Onsager relations;
reaction rates are needed which allow the affinities to remain about
the same order of magnitude as the system approaches equilibrium.
Also, the rates of the independent and dependent reactions must be
about the same order of magnitude so that the apparent coupling
gaffecf of one reaction will not be obscured by another, more rapid
reaction., Since the various kinetic rates involved in this system seem
to differ greatly, adjusting the concentrations to achieve more satis-

factory rates would be difficult.
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IX. CONCLUSIONS

As discussed in the Theory section, the following conclusions
are made.

1.” After careful review and critical evaluation of the litera-
ture; no macroscopic derivation of the Onsager reciprocity relations
which was examined is generally applicable. These derivations are
either erroneous or are limited by the stringent assumptions which’
are used in their development.

2. Providing i) a simple expression for the overall rate of
reaction which follows the law of mass action is applicable, ii) the
independent stoichiometric equations can be identified for a reacting
system, and iiil)vthe assumption of the detailed balancing of each
reaction close to equililbrium is valid, the phenomenological coeffi-~
cients in the linear rate laws can be identifieid in terms of kinetic
parameters. The coupling coefficients, AL12 and L21, are equal,
as implied by the Onsager reciprocity relations. These coefficients
involve only parameters of the reactions which are assuméd to be

stoichiometrically redundant. The diagonal coefficients, L., and L

11 22’
are functions not only of the parameters of the independent reactions,
but also of the redundant reactions.

3. Linear transformations of the fluxes and forces which
either diagonalize or destroy the symmetry of the phenorhenological
coefficient matrix are not generally applicable for a chemical reacting

system. Such a transformation is only valid for a given equilibrium

state of the system. Also, the stochiometric equations resulting
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from such transformations are questionable.

The following conclusions are made after examining the
experimental results.

1. The reacting system which is studied exhibits coupling
as shown by the non-zero values of the coupling coefficients, L

12
and L2

I
2. The reacting system also has a negative affinity-velocity
product. The existence of a negative affinity-velocity product not
only indicates that coupling exists but also shows that a reaction is
occurring in a direction which is not spontaneous. The presence of
a negative AV pr;duct is a sufficient but not necessary criterion of
coupling. A more general criterion is given by equation (29).

3. The functiona;l relationship between the velocity of a re-
" action and the chemical affinities, as expressed by equation (112),
does not adequately describe the behavior of the system over an
entire run. However, such relationships may be useful in describing
the system over portions of a a;un. The linéar rate laws become
better approximations as the system approaches equilibrium.

4. The Onsager reciprocity relations have not been verified
for this system. However, a conclusive test c;f this postulate could

not be made.
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APPENDIX 1
KINETIC IDENTIFICATION OF THE PHENOMENOLOGICAL

COEFFICIENT FOR A SINGLE CHEMICAL REACTION

‘Providing a p;.rticular kinetic model is supplemented with
app'roﬁriate additional assumptions, the linear phenomenological
rate law for a chemical reaction can be derived. In addition, the
phenomenological coefficient can be identified, Prigogine, Outer,

-and Herbo(l-z) present a similar, but less detailed derivation for
the example of the synthesis of hydriodic acid, |

- As an example, consider the reaction
2NO + Cl2 = 2NOC1 . (1-1)

- Assume that the forward and reverse reaction rates can be written

in the form of the law of mass action, that is,

V,=k

2
£ = N0 21, (1-2)

V.=k a 2
r

2NOC1  ° (1-3)

This assumption is perhaps a stringent one in the general
case because. it presupposes that the kinetic expression for the
overall feaction rate corresponds to the stoichiometry of the reaction.
Although this assurhption has been applied successfully for the

{1-3)

example reaction , such an assumption may force a too restricted
- mathematical restraint on the actual physical process., For example,

this assumption does not appear to be adequate in describing the
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rate of formation of water or hydrogen bromide from their

elements(l-l)

« In using the assumption, care should also be 'ta.k.en
that the mechanism of the reaction does not change as the system
approaches or deviates from equilibrium so that the expressions for
Vf ‘and Vr remain valid.

The overall rate of reaction will then be the sum of the for-

ward and reverse rates,

- - _ 2 - 2 -
V=Ve- V. =kayno ®c1, " *:*Nocr (1-4)
At equilibrium, the overall rate of reaction will be zero, and
equation (1-4) reduces to
_ 2. 2
ke/k, = [aNOCI /ldNno 2c ):l . (1-5)
, _ 2 Jeq.
Therefore, equation (1-4) can also be written in the form
a 2'a 2
NO *C1 a '
2 NOC1
V—Vfl-—-——-———-z- :——2——_ . (1"6)
2NOC1 | eq. ®NO alc;12
By introduéing the activity of component k,
- o - . ._'
ap = fk/fk, 0 (1-7)

where fko 0 is the fugacity of component k at the arbitrarily

chosen standard state, equation (1-6) becomes



-90-

2 0 ' |
(ool fmn o) i /£ ) et o) )
no/fnoo! e, /fc1,, 0 noci/Noc, 0

Vet (o eor /1o )2 (s E2n Vo /22 )
NOC1/"NOC1, 0 eq. NO/"NQ, 0 Clz ClZ,O

(1-8)
By chbosing a standard state of ﬁnit fugacity for all the components,

the above equation will simplify to

2

- _ 2 - | |
V= Vil - lige, eq. /N0 Fe1,, ea. / fer,) (Enoci/fNoct, eq.) |
(1-9)
The chemical potential of component k is given by
by = p.lo{ tRTInf , (1-10)

where P’lci is the chemic al'poten’cial of component k at the standard
state at which the unit fugacities were chosen. Combining this
expression with the analogous one at equilibrium, the following

relation is obtained,

8/5, 0q, = P [(p.k - p.k’eq.)/RT}. C-11)

Equation {1-9) can now be written

| 24 a0, " PClo. eq. ~ ZPNO,
: OCl1, eq. Cl-, eq. ‘NO, eq.
V= Vf[ - {eXp—( _NOCL, eq Cla:eq. °d )}
RT

2P ~T B - 2u |
NO “FNOC1
X {exp - ( 1(;’:1[‘2 )}}. (1-12)



~-9]1-
Recalling that the chemical affinity of this reaction is
A= ‘(ZP'NOC]_ = ZIJ'NO - P’Cl'z) s (1-13) '

equation (1-12) can be simplified to'

v = Vf[l.- {-exp (Aeq. /RT) exp - (A/RT)}} . (1-14)

However, the chemical affinity at equilibrium is zero, so that

V= Vf'[l - exp (-A/R'I')] . (1-15)
However, near equilibrium

|A/RT]| << 1, (1-16)

and equation (1-15) reduces to the linear form of the phenomenological

rate law

Vf_ .
V= (.R.T_) A= LA. C1-17)

Therefore, providing that the overall rate expression for a
chemical reaction can be written in the form of the law of mass action,,
the introduction of the fugacity, activity, and chemical affinity and the
assumption of a suitable standard state will reducé the rate expression
to the form of equation (1-15). Near equilibrium, this rate expression
reduces to the form of the linear phenomenological laws.

‘Notice that the phenomenological coefficient in the linear rate
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law is identified with the temperature and forward rate of the
reaction at equilibrium. Since the forward rate is a function of the
equilibrium composition, this phenomenological coefficient is

definitely a function of the equlibrium state of the system.
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NOMENCLATURE

English Symbols

a lactivity

A _ ~ chemical affinity

£ fugacity’

fg o fugacity of pure component in the standard state
: kf forward reaction rate constant

kr " reverse reaction rate constant

L phenomenological coefficient

P total‘.pressure

R universal gas constant

T absolute temperature

A% overall reaction rate

Vf , forward reaction rate

Vr reverse reaction rate

Greek Symbols

o chemical potential

Subs cripts

eq. at equilibrium conditions

k for component k
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1-2.

1-3.
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APPENDIX 2

CALCULATION OF THE NITRIC OXIDE CONCENTRATION

. It fhe reacting system was allowed to reach .equilibrium,‘ '
the final nitric oxide concentration could be computed by using
equi.l_ib'rium constant expressions employing the final concentrations
of iodine, chlorine, iodine monochloride, and nitrosyl chloride.
Then, knowing this final nitric oxide .concentration and also the
concentration of nitrosyl chloride during a run, the nitric oxide
concentration as a.function; of time could be calculated by means of
a material balance on the nitric oxide molecule.

Unfortunately, duve to the large difference in the rates of
the I;eactions which were present, the system never came com-
pletely to equilibrium. However, the system did appear to closely
approach equilibrium with respect to reaction 2, that is, the left-
hand-side of equation (.4—26) was negligible compared to each one of
the two terms which are shown in squa.re brackets on the right-
hand-side. Therefore, knowing the concentration of iodine, iodine
monoéhloride, and nitrosyl thoride at the termination of-a run,
the final nitric oxide concentration was calculated from this equation.
Using this final value of the nitric oxide concentration and a
material balance on the nitric oxide molecule, the nitric oxide con-

centration during a run was calculated from the expression

CNO(t) = CNO(final) + CNOCl(final) - C (2-1)

nocL) -
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‘A comparison of these calculated nitric oxide concentkrations
with th_ose'determined by other means is interesting. A rotameter,
calibrateci with nitrogen gas, was used to monitor the entering
flow rate of nitric oxide into the ‘system. .Since nitrogen and nitric
pxide have almost identical viscosities and densities at the operating
conditions, the rot‘amet.er calibration was also considered to be
‘valid for nitric oxide.

‘.As shown inA Table 2-1I, the enfering'nitric oxide concentration -
calculated from the rotarr;eter reading agrees within ten percent of
the initial concentrétion of nitric oxide as calculated using the
material balance on the nitric oxide molecule. The agreement between
these results is within the accuracy o.f the rotameter determination.

In addition, the iodine, iodine monochloride, and nitrosyl
chloride concentrations at each point in a run were substituted into
equation (4-26) with A2 again neglected, In this manner, a "pseudo"
nitric oxide concentration could be calculated as a function of time.
Of course, at the end of a run, this "pseudo" concentration became
identical to the nitric oxide concentration discussed above.

However, when these "pseudo" nitric oxide concent;rations
were compared with 1;.he nitric oxide concentrations calculated using
the material balance, the two concentrations coincided throughout
the latter portions of a run. Therefore, the final nitric oxide con-
centration, appearing in equation (.2-1), could be selected at any

time in the latter stages of a run. Figure 2-1 shows such a
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comparison for Run 17, Obviously, 'CNO(final) could be selected
at any time from 500 to 600 seconds without introducing appreciable

error in the calculation of the nitric oxide concentration.
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TABLE 2-1

INITIAL NITRIC OXIDE CONCENTRATION

(gram-moles /liter)

Run Rotameter Calculation Material Balance Calculation
SO 9.2%107° 8.48 x10™5

12 " 9.0x107° 1.00 x10°%

13 7.6x107° 8.36X107°

16 4.8x10°% 5.12x107%

17 5.4%x 1072 5.10 x 1074
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APPENDIX 3

SELECTION OF THE EXTINCTION COEFFICIENTS

Of the five macroscopic chemical species which are involved
in this study, all but nitric oxide absorb light either in the visible
or near-ultraviolet region of the spectrum. Nitric oxide has only

disci-ete absorption beginning about 2250 A and progressing to

(3-9).

smaller wavelengths

~The behavior qf the absorbing species is exemplified in
Figure 10, which gives the extinction coefficients as functions of
wavelength. The dAa.,ta shown in this figure represent regions of
continuoﬁs absorption except for iodine above 4990 A, Above this
wavelength, the curve is only an approximation becé,use the iodine
aBsorption spectrum is discrete in this region.

The absorption spectrum of all five species was examined
using a Cary Model 14 ;-ecording spectrophotometer. In most 'calses,
the reported values of the' extinction coefficients in the literature
Wére.veriﬁed quantitatively. Howevef, if the literature values were
fouﬁd to be erroneous, they were eithei' corrected, or better data
were proposed.

In addition, the dependence of these extinction coefﬁcienﬁs
on the presence of inert gas was investigated. I'I'he absorption
spectrum of the five components was examined with argon and
nitrogen gas present. The absolute pressureé of these inerts
varied between zero and one and one-half atmospheres.

Over this range in pressures, the amount of inert gas did not
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affect the absorption spectrum in the wavelength regions used in
this experiment, that is, in the regions of continuous absorption.
This result agrees with the observations of Rabinowitch and

(3-11) and Britton, Davidson, and Schott(3—3) for the continuous

Wood
region of the iodine spectrum. In éddition; the pressure dependence
above 4990 A for iodine, 'noted by Rabinowitch and Wood, was
qua.}itatively confirmed.

The wavelengths which were used in the expe rimental work
were 4900, 4716, 3802, and 3343 A. The actual method of deter-
mining the extinction coefficients at these wavele'ngths for the ab-
sorbing spe cies together with the necessary temperature corrections

is discussed below. The resulting extinction coefficients are shown

in Table 1IV.

Todine

Vogt and Koenigsberger(z'_ls)

quantitatively measured the
absorption o.f saturated iodine vapor at 48 °C and 88 °C and super-
heated vapor at 400 °C over the spectral range of 4500 to 6000 A,
Bonhoeffer and Harteck(s_z) computed values of the extinction
coefficient as a function of wavelength using the data of Vogt and
Koenigsberger at 88 °C. However, Rabinowitch and Wood(3_u) felt
" that the Vogt and Koenigsberger data was incorrect and measured
the decadic extinction coefficient themselves at 20 °C over the same

spectral range.

In addition, Sulzer(3-13) reports decadic extinction coeffi-
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cients between 3900 to 6000 A at temperatures of 423, 873, and

1323 °K. Sulzer and Wieland3™1%)

extended this data by measuring
the e‘xtincﬁon coefficient from 3570 fo 6000 A at temperatures of
423, 573, 723, 873, 1023, 1173 and 1323 °K and also from 6000 to
7400}& at temperatures of 423, 873, and 1323 oK.
In measuring the extiAnction coefficient, Rabinowitch and
Wood used an optical\ cell which was 12 centimeters in length, They
appare'ntly used a cell length of 10 centimeters in calculating the
extinction coefficients, and therefore, theif results should be
"pofi-ected" by dividing their coefficients by 1. 2.
 The tabulated results of Sulzer and Wieland at each tempera-
ture were graphically interpolated in order to find the extinction
coefficient at the ﬁarticulaf wavelengths of 4900, 4716, 3802, and
3343 A, Although they reported extinction coefficients at elevated
temperatures, the data could be readily extrapolated to room
temperature. An e.xamination of the interpolated values showed
that the extinction coefficient of iodine was a linear function of tem-
perature at these wavelengths, Therefore, a linear least squares
fit was made to this extinction qoefficient versus temperature data,
and the data were extrapolated to 20 °C. The resulting extrapolatéd
values agreed to 0. 3% at 4900 A and to 1. 2% at 4716 & with the
Ycorrected” resulté of Rabinowitch and Wood. Since Rabinowitch
-and Wood did not report any results below 4500 A, no data were
available for comparison with Sulzer and Wieland's ext_rapolated

~ data at 3802 and 3343 A,
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In é;cidition, fhe' spectrum of iodine at 25 9C was examined
on th.e Cary Model 14 spectrophotometer, and the extinction coeffi-
cients agreed to 2% at 4900 A and 0.7% at 4716 A with the extrapolated
values of Sulzer and Wieland. At 3802 and 3343 42\., the absorption of
iodine vapor at 25 °C was too small to measure an extinction coeffi-
cient with this instrument. |

The least squares equations which were employed in the tem-~
perature extrapolations were used to obtain values of the extinction
coefficients at the oﬁerating temperature of 36 °C. The resul"cing ‘

extinction coefficients are shown in Table 1IV.:

Chlorine

. Halban and Siedentopf(?’_e) measured the extinction coeffi-
cient of chlorine from 2540 to 6430 A at an unknown temperature.
The spectral range of 2618 to 4275 A was investigéted by Gibson

(3-4) ot 201, 441, 554, 699, 853, and 1038 °K. Then

(3-1)

and Bayliss
Aickin and Bayliss extended the extinv;tion coefficient curve to
5000 j\, making me a.surements at 18 and 580 OC. Finally, extinction
coefficients from 5040 to 5320 A were measured at 18 °C by Jones

and Spooner(?’—?). Recently, Seery and Britton(3 -12)

measured
' these coefficients again from 2400 to 4500 A at 25 °c.

The Cary Model 14 spectrophotometer was also used to
observe the spectrum at 25 °C. The resulting extinction coefficients

‘agreed to 0.3% at 3343 & and to 1. 5% at 3802 A with Seery and

Britton's results, agreed to 0. 2% at 3343 A and to 8.0% at 3802 A -
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with Gibsoﬁ and Bayliss' data at 25 °c, and agreed to 2% at 3343. A

and to 16% at 3802 A with the results of Halban and Siedentopf,
Hence, the results of this investigation agreed well with

Seery and Britton's data at 3343 and 3802 A and also to the results

of Gibson and Bayliss at 3343 A, Our extinction coefficients at

3343 and 3802 A at 25 °C were corrected slightly according to the

température dependence observed by Gibson and Baylis-s to give’

the corresponding values at the operating temperature of 36 OC.
Because of the low absorption of chlorine at 4716 and 4900 A,

'extinction coefficients at these wavelengths could not be computed

-with any accuracy from our work. However, Aicken and Bayliss'

- data, adjusted to 36 oC‘, agreed to 5% ét 4716 A and to 17% at 4900 A

with the results of Halban and Siedentopf. Aickin and Bayliss'

data were considered to be the more reliable, showing a terhperature

dependence and being more recent and complete. | Table IV giyes

the values of these coefficients.

Iodine Monochloride

Nebeker and Pings(?’-lo) experimentally determined the .
extinction coefficient for iodine monochloride at 25 °C and com-
pared their results to the existing literature values. Unfortu-nafely,
the t.emperature dependence of this coe;fficient has not been investi-
gateds

(3-13)

However, Sulzer and Sulzer and Wieland(s-m) have

developed a simple theory for the continubué absorption spectra
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of diatomic molecules which assumes that the continuous spectrum

can be resolved into Gaussian peaks., Each peak can be described

by
. | [ (o-w,)/Awlt)] ?
€@ T) = €_(Tle ' (3-1)
where
em(’I‘) = Emo[ tanh (hcwv/ZkT)] /2 - | (3-2)
and .
”At.o(T) = Awo[ tanh (hcmv/ZkT)] ~1/2 . - (3-3)

Using these equations and the values of W € ot Yo and Amo

o’ "o
presented by Seei'y-and Britton, the extinction coefficients of
Nebeker and Pings at 25 °C were adjusted to give extinction coeffi-

cients at 36 0C, as shown in Table IV,

Nitrosyl Chloride

Incidental to anothér problem, Il.eermakers and Rams-
perger(3-8) measured the extinction coefficient of nitrosyl chloride
from 4000 to 5000 A at 25 and 50 °C. Goodeve and Katz(3_5)
examined the spectrum from 1850 to 8000 A at 293 °k and from
5260 to 6431 A at temperatures of 233, 295, and 457.4 °K.

Leermakers and Ramsperger's data at 25 °C agreed to 10%

at 4900 and 4716 A with the results of Goodeve and Katz at 20 °C,

Unfortunately, the data of Leermakers and Ramsperger does not
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extend to wavelengths less than 4000 A, Therefore, a direct com-
parison between these two sets of data cannot be made below this
waveleﬂgth_. However, Leermakers and Ramsperger's data at

25 °C can be extr_apoiated to 3802 A to give an extinction coefficient
whichza.grees to 8% with Goodeve and Katz's result fﬁr the same
wavélength and at a temperature of 20 °c.

The results of Goodeve and Katz are probably more reliable
because not only was their experiment performed very .carefully,
but also because their work was more recent. Therefore, they
were able to profit from Leermakers and Ramsperger's eérlier_
work.

Unfortunately, Goodeve and Katz did not investigate the tem-'
perature dependence of the extinction coefficient. However, their
cc\Jeffici'ents were corrected to the operating temperature of 36 °C.
by reférring to the temperature dependency which Leermakers and
Ramsperger observed between 25 and 50 °c. A slight dependency -
was obéerved at 4900 and 4716 A, but a negligible dependency was
observed at 4000 A or after extrapolating their data to 3802 jX
‘The extinction coefficient of Goodeve and Katz at 3343 A was .used
directly without a temperafure correction. However, since this
coefficient was not used in the main calculations but employed only |
in cc;nsistency checks, no error was introduced in this way into the
main body of the cé.lculations. Table IV. shows the coefficients whichl

were finally selected.



.=107-

NOMENCLATURE

English Symbols

‘¢ velocity of light
h Planck's constant
k Boltzmann's constant
T absolute temperature

Greek Symbols

€ : ’ extinction coefficient

€ ' maximum extinction coefficient of the Gaussian
" peak at 0 °K :

W © wave number
uio : wave number of the maximum of the Gaussian
: peak at 0 °K
DAw - half of the mean width of the Gaussian peak
. Q (e}
at 0 "K
W vibrational frequency of the molecule
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APPENDIX 4

CALCULATION OF THE CHEMICAL AFFINITIES

Introduction and Derivation

Using the definition of the chemical affinity(‘l‘m),

1
A= 'Zvlp'i s (4-1)
i=1

the following relation between the affinity and the standard affinity

can be given for n components,

: n n_
o __ o . ”
A - A —Z vip,i-&-ZVip.i. (4-2)
i=1 i=1
Bv i : s . (4-11)
y introducing the definition of the fugacity ,

P‘i = pi(T) + RT Eln fi ’ . (4'3)

and by selecting the temperature of the standard state to be the
temperature of the system, equation (4-2) may be written

n
v

I e i - _
A-A°= RTlnH (/5.0 7, (A-4)
i=1

Assuming the validity of the Lewis Gene ralization(4-5’ 4-12,

4716, 4-17) g tnis system, the fugacity of component i at the

temperature and pressure of the system is

£ = nif, | (4-5)
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or, in terms of concentrations,

- o . l_‘
f, = C,f2/C. (4-6)

.

The concentration of the system can be written as a function of the

pressure and temperature of the system,
C = P/RT, | (4-7)

since the system is primarily argon gas, for which perfect gas
behavior is valid for these conditions. Also, by arbitrarily specify-
ing the standard state at the temperature of the system and one

atmosphere pressure,

fi% = 1 atmosphere , (4-8)

Combining equations (4-4), (4-6), (4-7), and (4-8) gives the

expression
A-A%°=-RTIn [] (CiRng/P) ., o (4-9)

i=1l

Referring to reactions 1, 2, and 3,

1: 2NO + Cl2 = 2NOC1

2: 2NOCl + I, = 2IC1 + 2NO ' (4-10)

2

3: ;2 + Cl2 = 2IC1 ,

equation (4-9) can be written for each in the form
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A = A -RTIn [(CNOCIfIciIOCi/P)

+ (CNO NO/P) (cCl 01 /P)RT] (4-11)
Az' =; Ag - RT 1n [(CIC1 ICl/P) (CNO NO/1-'>) RT

+ (Cyxocifnoct/F )Z(CIIZf?Z/ P)] | (4-12)
A3 = A3 - RT 1n [(cm1 1(:1/P) /(c /P)(cCl o1 /P)] (4-13)

‘

Evaluation of the Standard Affinity
The standard.affinity is related to the standard free energy

of a reaction by

A

w0
WO

. - (4-14)

After carefully evaluating the literature values, an excellent review

(4-1)

article recommended the value of the free energy of formation of

gaseous nitrosyl chloride which was calculated from the work of

Beeson and Yost(4_ 2}

at 25 °C. Such a recomimendation is in agree-
ment with the citation of the National Bureau of Standards(4-5). ”
This value was then combined with the free energy of formation of
gaseous nitric oxide and d]lorine(4_16) in order to calculate the
standard free energy change of reaction 1. The _res;ﬁlt was ide;ntical _
. to‘thé standard Afree energy change for reaction 1 which was com-

'pufed from the following equation at 25 °c given by McMorris and
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Yost(4-14)’

Al = - AF] =16429 - 18.967 log, T +21.452 T

it

2 6.3

+0,010708 T“ - 2.4208 X10 "T~ . {4-15)

Incidental to another problem, McMorris and Yost(4-14)

stud!ied the equilibrium of reaction 2 be‘tween 136, 4 and 178.8 °C.
Becauée their temperature range was small and because their
experimental method was difficult, extfapolatioh of their data to
36 °C is uncertain,

However, the staﬁdard affinity of reaction 2 was determined
indirectly by another method. By referring to equations (4-11), | h
(4-12), and (4-13), this standard aff'inity can be shown to be the

following function of the standard affinities of the other two reactions

0 _ ,0 _ ,0 : _ CAliey
AZ—A3 Al. | (416)

Therefore, data for the. standard free energy change of reaction 3
can be combined with equation (4-—15) to calculate the stqndard free
energy change of reaction 2. |

The free energy of formation of iodine monochloride was
first determined by McMorris and Yost(4-14). However, their
results were found to be erroneous and were analyzed again by Blair

and Yos.t(4_3). Greenwood(4-8) also evaluated McMorris and Yost's
data.and incorporated it with the most réliable spectroscopic data

available at the time., Later Cole and Elverum(4-,4) evaluated
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various thermodynamic functions of iodine monochloride by statisti-
cal methods. Finally, Evans, Munson and Wagman(‘}—()) improved
the calculations of Cole and Elverum by using more accurate
constants. |

Therefore, the value of the free ene rgy of formation of
Evans, Munso;'x, and Wagman is considered to be the most reliable.
At 25 °C, the value of Blair and Yost differs by 1. 9%, of Greenwood
by 1. 2%, and of Cole and Elverum by 0 7% from the value of the free
ene.rgy' of formation of Evans, Munson, and Wagman,

Due to a fortuitoué seléection of étandard sta;ces by Evans,
Mﬁnson, and Wagman, the standard free energy of reaction 3 could
be obtained directly from their results. By fitting their data from
273.16 to 400 °K with a straight line using the least squares technique,

the following equation was obtained

AY = - AFg = 6682 +2.796 T . {4-17)

The point at 250 °K in their data was not included in these calcula-
tions because it was obviously erroneous. By combining equations
{4-15) and (4-17) in the manner suggested by equati’on (4-16), the
followiﬁg expression for the standard free energy change of reaction 2

results

AS = - AF$ = - 9747 +18967 T log;; T - 18.656 T

2 6,3

- 0.010708 T + 2.4208 x10”°T”, (4-18)
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_E_}Yf;duatmn of Volumetric Behavior of the Gases
If the behavior of a gas can be expressed in terms of only
the first two terms of the virial equation of state, Liewis and

Randa11(4-12) give the useful expression

. BP/RT

£ /P = (4-19)

Beeson and Yost(4-

2) have evaluated the second virial coefficient
for nitrosyl chloride. Substituting their results into equation (4-19)

at the operatihg conditions gives
o - ' -
fNOCl/P = 0.989. : | (4-20)

The second virial coefficient has been determined by Johnston and

Wéimer(4-10) for nitric oxide. Similarly evaluating equatioﬁ (4-19)

using their data produces
0 .

For lack of adequate data, the second virial coefficient for
chlorine, iodine, and iodine monochloride was detgrmihed from
‘the force constants of the Lennard-Jones (6-12) potenfial by a method
outlined by Hirschfelder, Curtiss, and B‘ird(4—9)'. In the case of
. cillorine and iodine, these constants had been determined from
ﬁscosity measureménts. For iodine monochloride, the force
constant data were not available and they were estimated by use of

(4-9)_

certain empirical combining laws
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.Thé resulting second virial coefficient for chlorine was
used to generate volumetric data for chlorine in the vicinity of the
operating conditions. This data agreed well with the volumetric
data for chlorine publisﬁed by The Matheson Company(4’13).

N6 .volumetric daté. was available for comparison in the cases of

jodine and iodine monochloride. Using these calculated second .

virial coefficients, equation (4-19) was again evaluated to give

f%lz/P = 0.990, - (a-22)

£ /P = 0,957, | (4-23)
2

f‘I’Cl/P = 0. 980 . - (4-24)

Results

Upon combining equations (4-11), {(4-15), (4-20), (4-21), and
(4-22), and also equations (4-12), (4-18), (4-20), (4-21), (4-23), and
(4--24) with suitéble values of the univefsal gas constant, the following
expressions were obtained for the aﬁinities of reactions 1 and 2 as

functions of temperature

2

A, =16429 - 18. 967 T log yT + 21.452 T +0.010708 T

-6..3 2
- 2.4208 Xx1070T3 - 1.9872 T In {(o. 989 Cpoiy)

R .2 :
£ 0.082054 T CZ 4 (0.990 CCIZ)} (4- 25)
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2

A

5 = [- 9747 +18967 T log,,T - 18.656 T - 0.010708 T

+2.4208 x10°° 3:]

' 2.2 .
- [1. 9872’; In {o. 082954 T(0. 980C; ) “Crq

_ 2
+. (0. 989 Gy i) 0. 957 clz.} ] - (4-26)
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NOMENCLATURE"
English Symbols
A ‘ cﬁemica,l_ affinity
'A° standard chemical affinity
c . concentration
f fugacity
£° _ fugacity of pure component
fg fugacity of pure component in the standard staté
AF° standard free energy change
n mole fraction

- total pressure

universal gas constant

[

absolute temperature’

Greek Symbols

g * a function of temperature.only for each component
B chemical potential
v ' stoichiometric coefficient
Subscripts
i ' for component i .

k for eaction k
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APPENDIX 5

VALIDITY OF THE LAMBERT-BEER LAW

About two hundred years ago, J. H. Lambert(s'-'?’) discovered
that when a parallel beam of monochromatic light of intensity Io
enter.s a homogeneous absorbing material, the light which is trans-

mitted through a layer of thickness { will have the intensity

k(N4

I\ = I_(Ne (5-1}

.where k is a positive constant called the absorption coefficient of

(5-1) and Bernard(s_z) found

the material, A century later, Beer
that the absorption coefficient is proportional to the concentration
of the species present in the absorbing material, as given by the

. following linear expression for n species,

n

k(\) = z Ciei()\) . (5-2)

i=1
Combination of equations (5-}1) and (5-2) gives the Lambert-Beer law,

-2 C.e (N2
. i.:l 11
I(N) = I (Ne ) (5-3)

which is the fundamental equation of colorimetry and spectro-
photometry.

Lambert's law can be derived by assuming that each infini-
tesimally thin layer of the absorbing material absorbs an amount of
light which is proportional to the thickness of the layer and to the

intensity of the monochromatic radiation reaching it. Similarly,
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Beer's law follows from the assumption that each molecule of the
absorbing material absorbs the radiation independently of every
other molecﬁle. Because theée assumptions are not always {ralid,
and becausé strictly monochromatic light is not employed, devia-
tioﬁs_ from Lambert's and Beer“s laws are sometimes observed.

In any particular situation, the experimental cir.cums.tances
should be adjusted so that equation (5-3) is an adequate representa-
tion of the observations., 'For a general absorpﬁon experiment
involving only one absorbiﬁg species, Nielson, Thornton, and
. Dale"‘5-4) have shown that the apparent intensity ratio is the quantity
which is actually measufed,

N/ (0F =§

' o)
IO(X')GXP (-e(N")CL)g(N"-\) dk'/g Io()\')g(K' -Md\t,
o o

(5-4)

where g( A'-\} is a properly normalized slit function(5—5) showing
that the eﬁpe rimental instrument shows some response to light of
wavelength \' when set to wavelength \. In this experiment, the
slit function is determined primarily by the inte rference filters,

- with "N being the Qavelength of maximum transmittance. Observing
Figures 11 through 14, such a slit function would appear to be -
negligible for’ Ik'-)\l = Ak. Therefore, equation (5-4) can be
rewritten with new limits,

NTAN

1092/1,00° = {

I (\)exp(-e(A")CL)g(N'-A) AN
x-an © , '

AHAN
+§ I_(A)g(\'=\) a\' (5-5)
IN-AN
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Providing a region in the absorption spe ctrum can be
selected where the extinction coefficient is a weak function of
wavelength, the extinction coefficient can be treated as a constant

and equatiori (5-5) reduces to

(N1 (02 = e €CL (5-6)

Often these conditions can be approximated by using optical filters
or other devices which will give such a small wavelength region
_ZA)\ that the variation of the extinction coefficient over the region
is. negligible.,

| Equation {5-6) is also valid under other circumstances. If
2AN is reasomnably small and in a wavelength'region for which the
incident. light is continuous, often Io():) may be considered constant
and removed from the integrals of equation {5-5), A tungsten fila-
ment light bulb is a2 common example of such a continuous source.
Upon eliminatiﬁg Io(x) from equation (5-5) and making an appropriate

change of variables, the equation can be simplified to

AN
X | I()\)a/Io(k)a = SV,A}\ exp [-€(a+N)CL] g(o) da . (5-7)

-

If the extinction coefficient varies approximately linearly over this

wavelength region, equation (5-7) may be approximated by

' AN
I()»)a/Io()\)a = exp [-E()\)CJZ] S‘ exp [— (-ZA—E——)\) aCJl]g(u) da .
AN

(5-8)
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In this experiment, the concentrations and path length are sufficiently

small so that
(Ae/2AN)aCl << 1.00 ..  (5-8)

Therefore, equation (5-8) may be expanded to give

I(X)a/xo()\)a = exp [-e(x)cz] [1 - Q CI§ ag(a) da] .
| - (5-9)

By referring to Figures 11 through 14, g(a) appears to be very
ne‘arly‘ a symmetrical (even) function., Therefore, the integral in
equatidn (5-10) vanishes, and the equation reduces to the familiar
" form of the Lambert-Beer law shcl)wn by equation (5-6).
‘Experimentally, all of the references mentioned in Appendix 3
have verifiedlthe Lambert-Beer law over various ranges of concen-
tratiqn and tempefa’cure. In the initial stages of this experimental
work, many mixtures of the chemical species were made in a
vacuum system and examined with the photometric equipment.
Providipg the wavelengths examined were confined to regions of
continuous absorl;;:ion, a relétionship in the form of equation (5-3)
described the observations within the accuracy of the measurements.
However, for iodine at wévelengths greater than 4990 A, which
_fepresents‘the region of discrete absorption, the Lambert-Beer law

5, 5-6)

definitely was not valid; however, this result is expected(5-
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NOMENCLATURE
English Symbols
C concentration
g normalized slit function
I transmitted intensity
Io | incident intensity
k o absorption index
R | | length of light path
Greek Symbols
a ~ variable equal to the difference A'-\
€ extinction coefficier'lt
Ae infinitesimal increment of €
A A w‘ével'eng%:h
AN | infinitesimal increment of \

Superscripts

a _ apparent

i for component i
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APPENDIX 6

DISCUSSION OF ERROR

Although the data frém the 4716 A énd 3343 j\ channels are
‘not used in the calculations, _ this .dé.ta. can be utilized to check the
results of the concentration calculations which employed data from
the 4900 A and 3802 A channéls. Table 6-1 shows alcomparison of
the initial concentrations of iodine, calculated from the data of the
4900 A and 4716 A channels, and also the initial concentration of
chloriﬁe, calculated from the 3802 A and 3343 A c};annels. From
these compai'isohs, the iodine concentrations agree within sevén
percent-, and the 'chlorine concentrations agree within six pe.rcent.

Appendix 2 discussed the validity of the calculations used
to determine the nitric oxide concentrations. Also, a comparison
of initial nitric oxide concentrations computed by two different
methods is given.

A major concern in this experiment is the uncertainty in the
determination of the phenomenological coefficients. The error or
uncertainty in these coefficients occurs primarily from two sources:
1) the uncerté.inties in the data and various other information em-
ployed in the calculation of the concentratidné, and 2) the statistical
- uncertainty in the least scllua.res correlations as reflected by the
confidence limits on these coefficients, The overall effect of errofs
in the data and associated information is .estimated by using a typical

(6-1, 6-2)

propagation of error analysis , employing a Taylor series

expansion, The derivative of each phenomenological coefficient with
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respect to each variable having error is computed numerically on
the IBM 7094 computer. Kach variable is perturbed, a.nd.the
resulting change in the coefficient is npted. ' _The. uncertainties in the
extinction coefficients are estimated from the discussion in
Appendix 3. The maximum error in th.e initial nitric oxide concen-
‘;ration is assumed to be ten percent, as discussed in Appendix 2.
The uncertainty in the other parameters is elstirna.ted from knowledge
of the experimental equipment.

- The results indicated that the uncertainty in the nitric oxide

determination and the extinction coefficients, €I'2, 4900° €IC1, 4900’

€NOCI, 4900’ €Cl,, 3802" €IC1, 3802 €NOC1, 3802° 2ccounted for

most of the error in the phenomenological coefficients. The contri-
butions of the other extinction coefficients, oscilloscope and
potentiometer voltages, temperature me asurément, calibrated re-
sistance ratios, eg. (R4+ RS)/R5 and (R6 + R7)/R6’ measurement
df_ the_length of the.optical céll, etc. are negligible in comparison.
Therefore, if more accurate values of the extinction coefficients
become availablethese experimental data can be re-calculated with
resulting smaller uncertainties in the phenomenological coefficients.
The results of the propagation of error analysis are corﬁ- |
bined with the confidence limits to give an estimate of the maximum
uncertainty in the phenomenological coefficients. With the exceptions
of the uncertainties in L11 and Lé.l’ the uncertainties varied
appreciably from one run to another. Also, the uncertainties varied

according to the particular fit and data region used in each fit.
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However, the maximum uncertainties in- Lll‘ and Lé,l are
about 20% of the maghitude of the coefﬁcigants. Maximum uncer-
tainty in L;, varies from 35% to 50%, while that in LZZ ranged
between 40% to 50% ;:f the magnitude of the coefficient. 'i‘he maxi-
mum uncertainties in the coefficients of the quadratic terms vari'ed

greé,tly, between 15% to 60% of the magnitude of the coefficient.
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TABLE 6-1

INITIAL IODINE CONCENTRATION

(gram—mdles /liter)

CALCULATED USING DATA FROM

RUN 4900 A CHANNEL 4716 A CHANNEL
11 | 1.23%x107° 1.32x107°%
12 E 1.35x107° 1.26 X107°
13 . 1,19 x107° 1,23 %1077
16 - 1.59 X107 1,71 X107
17 - 1.34%107° 1.40 X 107>

INITIAL CHLORINE CONCENTRA TION

(gram-moles /liter)

CALCULATED USING DATA FROM

RUN | 3802 A CHANNEL 3343 A CHANNEL
11 - 1.17 x107% 1.23 x 1074
12 6.09 X104 5.82 x10 %
13 é_.38 x.10% 2,20 x10°%
16 . 1,36 x 1074 1.30 x10~*
| T . .

17 1,92 X10 1.81 X10
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TABLE I
CONCENTRATIONS OF THE CHEMICAL SPECIES

"RUN 11
Concentrations
(moles /liter)
Iodine ‘
Time Mono- Nitrosyl Nitric
(seconds) . Iodine Chlorine chloride Chloride Oxide
0 1.23x107° 1.17x10"% 0.00x107° 0.00x107° 8.48x107°
5 1.18 1.17 0.11 0.01 ©8.40

10 1.13 - 1.16 0. 21 0.07  8.34

15 1.08 ~ 1.15 0. 30 0.15 8,27

20 1.04 - 1.14 0.39 0.22 8. 20

25 0.99 1.13 0.48 0. 28 8.13

30 0.95 1.13 0.57 0.35 8.07

35 0.91 1.12 0. 65 0.42 8.00

40  0.86 1.11 0.73 0.48 7.94

45 0.82 1.10 0.81  0.54 7.88

50 0.79 1.10 0.89 0. 61 7.81

55 . 0.75 1.09 0.96 0. 66 7.76

60 0.72  -1.08 1,03 0.72 7.70
65 0. 68 1.07 1.09 0.78 7. 64

70 0. 65 1.07 1.15 0.83 7.59

75 0,62 S 1.06 - 1.21 0.89 7.52

80 0.59 1,06 1.27 . 0.95 7.47

85 0.57 1.05 1.33 1.01 7,41

90 0.54 1.05 1.38 1.07 7.35

95 0.52 - 1.04 1.43 1.12 7.30
100 0. 49 . 1,04 1.48 - 1.18 7.23
105 0. 46 1.03 1.52 1,24 7.18

110 0.45 1.03 1.57 - 1.30 7.12
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RUN 11 (Continued)

Concentrations
(moles /liter)
Iodine .
Time Mono- Nitrosyl Nitric
(seconds) Iodine Chlorine chloride Chloride Oxide

115 0.42x10"° 1.02x10"% 1.61x107> 1.35%107° 7.07X10"°
120 0.41 1.02 1. 65 1.39 7.02
125 0. 38 1.02 1.69 1.45 6.97
130 -~ 0.37 1.01 1.73 1.50 6.92
135 0.35 1.01 1.76 1.55  6.86
140 - 0.33 1.00 1.80 1.61- 6.81
145 0.32 1.00 1.82 1,66 6. 76
150 0.30 0. 99 1.86 1.71 6. 71
155 - 0.29  0.99 1.89 1.75 6. 66
160 0.27 0. 99 1.91 1.80 6. 62
165 0.26 0.98 1.94 1.85 6.56
170 0. 25 0.98 1.96 1.90 6.51
175 0.24 10.98 1.98 1.95 6.47
180 . 0.23 0.97 2. 01 2,00 6,41
185 0.22 0,97 2.02 2.06 6.38

190 0.21 0.96 2,05 2.10 6.31
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5.

RUN 12
Concentrations
(moles /liter)
Iodine

Time : : Mono- Nitrosyl Nitric

(seconds) lodine Chlorine chloride Chloride Oxide

0 1.35%107° 6.09x107° 0.00%107> 0.00X107°10.04X10"
5  1.33 6. 06 0.04 0.01 10. 01
10 1.31 6.03 0.08 0.02 9.99
15 1.29 6.00 0.12. 0.03 9.96

200 l.27  5.96 0.16 0.05 9.93 .
25 1,25 5.93 0.19 0.07 9.91
30 1.23 5.89 0.23 0.11 . 9.88
35 1,21 5,86 . 0,27 0.13 9.85
40 1.19 5.83 0.31 . 0.16 9.82
45 - 1,18 "5, 80 0.35 - 0.19 9.79
50 1,16  5.76 0.38 0.22 9.77
55 . 1,14 5.73 0.42 0.25 9. 74
60 .12 - 5,70  0.46 0. 28 9. 71
65 1.10 5,66 0.50 0. 30 9. 68
70 1,08 5.63 0.53 0.33 9. 65
75 1.06 5. 60 0.57 0.36 9.62
80 1,05 5,57 0. 61 0.39 9.59
85 1.03 5,53 0. 65 0.41 9.56
90 1.0l 5.50 . 0. 68 0. 44 9,54
95  0.99 5,47 0.72 0.47 9.51
100 0.97 5.44 0.75 0.50 9.48
105 0.95 5, 40 0.79 0.53 9.45
110 0.94  5.37 0.83 0.56 9.42
115 0.92 . 5,34 0.86 0.59 9.39
120 0.90 . 5.30 0.90 0. 62 9.36
125 0. 88 5,27 0.93 0. 65 9.33

130, 0.86 5,24 0.97 0. 68 9,30
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RUN 12 (Continued)

Concentrations

(moles /liter)
Iodine
Time . : Meono- = Nitrosyl - Nitric
(seconds) Iodine Chlorine chloride Chloride Oxide
135 0.85X10"° 5,20X107° 1.00x10™> 0.72X107° 9.26X10">
140 0.83 5,17 1,04 0.75 9.23
145  0.81 5.14 1.07 0. 78 9. 20
150 0.80 5,10 1,11 0.82 9.17
155 0.78 . 5,07 1.14 0.85 9.14
160 0. 76 5,04 1,17 0.88 9,10
165 0.74 - 5,01 1,21 0.91 . 9,07
170 0.73 4,97 . 1,24 0.95 9.03
175 0.72 " 4,94 1.27 . 0.98 9,00
180 0.70 4. 90 1.30 . 1,02 8.96
185 0. 68 4.87 1,34 1.05  8.92
190 0,66 4,84 1,37 1.09 8.89
195 0,65 - 4,80 . 1.40 1.12  8.86
200 0. 63 4,77 1.43 1.16 8.82
205. 0.62 4,73 1.46 1.20 8.78
210 0. 60 4,70 1,49 1,24 8.75
215 0.59 4,66 1.52 . 1.28 8. 70
220 0,57 4. 63 1.55 1.32 8.67
225 0.56 . 4.59 1.58 1.36 8. 62
230 0.54 4.56 1.61 . 1.40 8.59
235 0.53 4,53 1., 64 1,43 8.55
240 0.51 4,49 1.67 1.47 8.51
245 0. 50 4.46 1.69  1.52 " 8,46
250

0.49 - 4.42 1.72 1.56 8.43
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RUN 13
Concentrations
(moles /liter).
Io dine
Time ' Mono~ Nitrosyl Nitric
(seconds) Todine Chlorine chloride Chloride Oxide
0 1.19%107° 2.38x10"% 0.00x10"° 0.00x107% 8.36x10"°>
5 1.15 2,37 0.07 0,02 8. 28
10 1,10 2.36 0.19 0,07 8. 21
15  1.06 2.35 0.27 0.15 8, 14
20 1.02 2.35 - 0.35 0. 24 8. 04
25 0.98 2.34 0.43 0. 34 7,94
30 0.94 2,33 0.51 0.44 7,84
35 0. 90 2,32 0.59 . 0,53 7.75
40 0.87 .  2.31 0,66 0. 61 7. 67
45 0.83 2.30 © 0,74 0. 69 7,60
50 0.79 2,30 0.82 0.76 7.52
55 0,75 - 2.29 0. 90 0.82 7,46
60 0.71 2.28 0.97 0.89 7.39
65 0. 67 2,27 1,05 0.96 7.33 .
70 0. 64 2,27 1.12 1,03 7. 25
75 . 0.6l 2. 26 1,18 1.10 7.18
80 0.57 2,25 1.25 1,17, 7.11
85 0,54 = 2,24 1.32 1.24 7.05
90 0.51 2.24 - 1.38 1,31 6.97
95 0,48 o 2.23 1.45 1.37 6.92
100 0.45 2.23 1.50 1.43 6.86
105 0.42 2.22 1.55 - 1,48 6.80
110 0.39 2.22 1.61 1.53 6.75
115 0.37 2,21 1. 65 1,59 6.70
120 0.35 2.21 1.69 1,64 6,65
125 0.33 2,20 1.73 1. 69 6. 60

130 - 0,31 2,20 .77 1.75 6.53
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RUN 13 (Continued)

Concentrations
(moles /liter)
Io diné
Time ' : Mono- Nitrosyl Nitric
(seconds) Jodine Chlorine  chloride Chloride Oxide
135 0.30X10"° 2.20x10"% 1.80x107% 1.80X107° 6.48X107>
140°  0.28 2,19 1.83 1.86 6.42
145 0,27 = 2.19 1.86 1.92 6.36
150 0,25 - 2.18 1,89 1.98 6. 30
155 0,24 2,18 - 1.92 2,05 6.23
160 0.23 2,17 1.94 2.12 6.16
165 0. 21 2.17 1.97 2.17 6,11
170 0.20 2.16 1.99  2.24 6,05
175 0,20 2,16 2.00 2.29 6.00
- 180 0.19 2,16 2.02 2.33 5.95
185 0.18 2,15 2,04 2.38 5,90
190~ 0,17 2.15 2,06 2.43 5,85
195 0.16 2.15 2,07 - 2.47 5,81
200 0.15 2.15 2.09 2,50 5.78
205 0.15 = 2.14 2.10 2,54 5,74
210 - 0.14 2.14 2.12 2,58 5,70
215 0.13 2,14 2.13 2.61 5,67
220 0.13 2,14 2,14 2. 65 5,63
225 0,12 2.13 2.15 2,68 5,60
230 0.12° 2.13 2.16 2.72 5.57
235 0,11 2.13 2,17 275 5,54
240 0.11 2,13 2,18 - 2,78 . 5,50
245 0,11 2.13 2.19 2.81 5,47
250 0.10 2.12 2.19 2.85 5,43
255 0,10 2.12. 2,20 2.88 5,40
260 0.09 2,12 2,21 2,91 5,37

265 0.09 2.12 2,21 2.94 5,34
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RUN 13 (Continued)

Conc entfations
(moles /liter)
. Jodine .
Time Mono- Nitrosyl Nitric
(seconds) Todine Chlorine chloride = Chloride Oxide
270 0,09%107° 2,12x107% 2,22x107° 2.98%107° 5.30x107°
275" 0,09 2,11 2.22 3,01 5,27
280 . 0,08 2.11 2.23 3.05 5,23
285 0,08 2,11 2,23 3.08 5. 20
290 0.08 2,11 2. 24 3.12 5,16
295 0,07 2,11 2. 24 3.15 5,13
300 0,07 2,10 2. 25 3,19 5.09
305 0.07 2,10 2. 25 3,23 5,06

310 0,07 2.10 2.25 3.23 5,05
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RUN 16
Concentrations.
(moles /liter)
Iodine - : .
Time Mono- Nitrosyl Nitric
(seconds) - Todine Chlorine . Chloride Chloride Oxide
0  1.59%107° 1.36X10"% 0.00x107° 0.00%10"% 5, 12%107%
5 1,55 1.35 0.07 . 0.00 5,11
10 1,53 1.34 0,13 0.02 5.10
15 1.50 - 1.33 0.19 0.03 5.09
20 1.47 1,32 0.25 0.04 5.07
25 1,44 ‘1,31 0. 30 0.05 5,06
30 1,41 1.30 0.36 0.07 5,05
35 1.38 1.30 0.42 0.08 5,04
40 1.35 1.29 0.48 0.09 5.02
45 1.32 1.28 0. 54 0.11 5,01
50 1.29 1.27 0.59 0.12 5,00
55 1,27 1. 26 0. 63 0.14 4,98
60, 1,23 1.25 0.71 ~0.15 4,97
65 1,21 1.24 0.77 0.16 4,96
70 1.18 1.23 0.83 0,17 4,95
75 - 1,15 1.22 0.89 0.18 4,93
80 1.12 1. 21 0.95 0.19 4.92
85 1.09 1,20 -~ 1.00 0. 20 4,91
90  1.06  1.19 1.06 0. 22 4,90
95 1.03 1.18 1.12 0.23 4,88
100 1.00 1.17 1.18 0. 25 4,87
105  0.97 1.16 .23 © 0.26 4,85
110 0.95 1.16 1.28 0.27 4,84
115 0.92 1,15 1.33 0.29 4,83
120 0. 90 1.14 1.38 0.30 4,81
125  0.88 1.13 1.42 - 0.32 . 4,80

130 0.86 1.12 1.47 0.33 4,78
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RUN 16 (Continued)

Conc entrations'
(moles /liter)
Jodine
Time . . Mono-. Nitrosyl Nitric
(seconds) ‘Iodine  Chlorine chloride Chloride Oxide
135 0.83X107° 1.10Xx10™% 1.51x107> 0.34x10"% 4.77x107*%
140 0.82  1.10 °  1.55 0.36 4,75
145 0.80 1.09 1,59 0.38 4,74
150 0.78 1.08 1. 62 0.39 4,72
155 0.76 1.07 1,66 0.41 4,71
160 - 0,74 1,06 1.70 0.42 4.69
165 0.72 1.05 1.73 0.44 4, 68
170 0.71 1,04 1.76 . 0.46 4. 66
175 0. 69 1.03 1.80 0,47 4. 64
180 0.68  1.02 1,83 0.49 4,63
185 0. 66 1.01 1.86 0.50 4,61
190 0. 65 1,00 1,89 0.52 4,59
195 0.63 0.99 1.91 0. 54 4,58
200 0,62 0.98" 1,94 0.55 4.56
205 0.61 0.97 1.97 0.57 4,54
210 0.59 0.96 1.99 1 0.59 4,53
215  0.58 0.95 2.02 0.61 4,51
220 0.57 0.94 2.04 0. 62 4,49
225 0.56 0.93 2.06 0. 64 4,48
230 0,55 0.92 2,09 0. 66 4, 46
235 0,54 0.91 = 2.11 0. 67 4,44
240 . 0.53 0.90 2.13 0. 69 4,42
245 0.52 . 0.89 2.15 0.71 4.41
250 0.51 0.88  2.17 0.73 4,38
255 0. 50 0.87 2,19 0.75 4.36
260 0.49 0.86 2. 20 0.76 4,35
265 4,34

0.48 0.86 2,22 0.78
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RUN 16 (Contimied)

Concentrations
(moles /liter)
Iodine
, Time Mono- Nitrosyl Nitric
(seconds) lodine Chlorine chloride Chloride Oxide
270 0.47X107° 0.85%107% 2.24x107° 0.80x10™% 4. 32x107*
275  0.46 . 0.84 2,25 0.81 4.30
280  0.46 0.83 2.27 0.83 4,28
285 0,45 0.82 2,28 0.85 4. 27
290 . 0.44 0.81 © 2,30 0.86 4,25
295 0.43 0.80 2.31 0. 88 4,23
300 0.43 0.79 2.32 0.90 4,22
305 . 0.42 0.78 2.34 0.92 4,20
310 0,41 0.77 2.35 0.94 4,17
315 0.41 0.76 2.36 0.95 4,17
320 0.40 0.76 - 2.38 0.97 4,15
325 0. 40 0.75 2.39 0.98 4,14
1330 0.39 0.74 2.40 1.00 4,12
335 0.38 0.73 2,41 1.02 4,10
340 0.38 0.72 2,42 1.03 4,09
345 0.37 0.71 2.44 1.05 4,07
350 . 0,37 0. 70 2,45 - 1.06 4,05
355 0.36 0. 69 2. 46 1.08 4,04
360 0.36 0. 69 2. 46 1.09 4,02
365 0.35 0. 68 2,47 1.11 4,00
370 0.34 0. 67 2.47 1.12 3.99
375 0.34 0. 66 2.49 1.13 3.98
380 0.33 0. 65 2.50 1.15 3.96
385 0.33 0. 65 2. 51 1.17 3.95
390 0.32 0. 64 2.52 1.18 3.93
395 0.32 0. 63 2.53 1.20 3.92
400 0.31 0. 62 2.54 1.21 3.90
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RUN 16 (Continued)

Concentrations
(moles /liter)
: Iodine
Time ’ Mono~ Nitrosyl Nitric
(seconds) Iodine - Chlorine chloride  Chloride Oxide

405 0.31X1072 0.62x10"% 2,55x107° 1.23%x10"% 3,89x107%
410 0. 30 0.61 2.56 1.24" 3.87
415 0.30 0.60 - 2.57 1.25 3,86
420 0.30 0,59 2.58 1,27 3,85
425 0,29 0. 59 2.59 1,28 3.83
430 0.29 0.58_ 2.60 . 1,30 3.82
435 0.28 0.57 2,60 1.31 3.80
440 0.28 0.56 2. 61 1.33 3.79
445 0,28 0.56 2, 62 1,34 3.78
450 0.27 0.55 - 2.63 1.35 . 3.76
455 0.27 0. 54 2. 63 1.37 3,75
460 0,27 0.53 2. 64 1.38 3,74
465 0. 26 1 0.53 2,65 1.39 3.73
470  0.26 - 0.52 2.65 1.41 . 3. 71,
475 0.26 0.51 2. 66 1,42 3. 70
480 0.25 0,51 2.67 1.43 3. 68
485 0, 25 0.50 2. 68 1.45 3,67
490 0. 24 0.49 2,68 1,46 3. 66
495 0.24. 0.49 2. 69 1,47 3. 64

500 0.24 0.48 2.69 1.48 3.63
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RUN 17
Concentrations
(moles /liter)
Iodine
Time Mono- Nitrosyl =  Nitric
(seconds) lodine Chlorine chloride Chloride Oxide
0 - 1.34x10"2 1.92x10"% 0.00%107° 0.00x10™% 5.10%107%

5 1.32 1.91 0.06 0.01 5,08
10 1.30 1.91 0.11 0.02 5,07
15 1,27 1.90 0.16 0.04 5,05
20 1,25 1.89 0. 20 0.05 5.04
25 1.23 1.88 0.25 0.07 5,02
30 1,20 1.87 0.29 0.08 5,01
35 1.18 1.86 0.34 0.10 4.99
40 1.16 1.85 0.39 0.12 4,97
45 1.13 1,84 0. 43 0.13 4,96
50 1,11 1.83 0,48 0.15 4,94
.55 1.09 1.82 0.52 0.16 4.93
60 1.07 1.81 0.57 . 0.18 4,91
65 1.04 1.80 0. 61 0. 20 4,90
70 1.02 1.79 0. 66 0.21 4,88
75 . 0,99 1,78 0.70  0.23 4.86
80 0.98 1,77 0.74 0. 24 4,85
85 0.95 1.76 0.79 0. 26 4,83
90 0.93 1,74 0.83 0. 27 4,82
95 0.91 1,73 0.88 0,29 4,80
100 0. 88 1,71 0.92 0.31 4,79
105 0.87 1.70 0.96 0.32 4.77
110 0.85 1.69 1,01 0,34 4,75
115 0.83 1,68 1,05 0.35 4,74
120 0.81 1,67 1.09 0.37 4,73
125 0.79 1. 66 1.13 0.39 4. 71

130 .77 1. 65 1.16 0.40 4,69
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RUN 17 (Continued),

Concentrations
(moles /liter)
Iodine

- Time Mono- Nitrosyl Nitric

(seconds) lodine Chlorine chloride Chloride Oxide
135 0.75%X107° 1,64x10"% 1.20%107° 0.42x10"% 4.67%x107%
140 0.73 1. 64 1.24 0.43 4, 66
145 0.71. 1.63 1,27 0.45 4, 64
150 0. 70 1.62 1.31 0.47 4, 62
155 0.68 1.61 1.34 0.48 4,61
160 0.66 1,60 1.37 0.50 4,59
165 0. 65 1.59 1,40 0.52 4,58
170 0. 63 1.58 1.43 0.53 4,56
175 0. 62 1,57 1.46 .. 0,55 4,54
- 180 0. 60 1.56 1,49 0.57 4,53,
185 0.59 1.55 1,52 0.58 4,51
190 0.58 1.54 1,55 0. 60 4,50
195 0.56 1.53 1,58 0. 61 4,48
200 0.55 1.52 1,60 0. 63 4,46
205 0.53 1.51 1,63 0. 65 4, 44
210 0.52 1.50 1.65  0.66 4,43
215 0.51 1.49 1.68 0. 68 4,41
220 0.50 1,48 1,70 0.69 4,40
225 0, 49 1,47 1,73 0. 71 4,38
230 0.48 1,46 1.75 0,73 4,36
235 0,46 1.45 1,77 0. 74 4,35
240 0.45 1,44 1.79 0.76 4,33
245 0. 44 1.43 1.81 0.78 4,32
250 0,43 - 1,43 1.83 0.79 4,30
255 0.42 1,42 1.85 0.81 4,28
260 0.41 © 1,41 1.87  0.82 4,27
265 4,25

0.40 1,40 1.89 0. 84



-144-

RUN 17 (Continued)

Conc entraﬁons '
(moles /liter)
Iodine - |
Time . Mono- Nitrosyl Nitric
(seconds) Iodine Chlorine chloride Chloride Oxide
270 0.40X107° 1.39x107% 1,91x107° 0.86x10™% 4,24x107*
275 0.39 1.38 1.93 0.87 4,22
280 0.38 1.37  1.94 0.89 4. 20
285 0.37 1.36 1.96 . 0.90 4,19
290  0.36 1.36 1.98 0.92 4,17
295 0.35 1.35 1.99 0.93 4,16
1300 0,35 ° 1.34 2.01 0.95 4,14
305 0,34 1,33 2,02 . 0.97 4,12
310 0.33 1.32° 2,04 0.98 4.11
315 0.32 1.31 2.05 1.00 4,09
320 0.32 1,30 2.07 1.01 4,08
325 0.31 1.30 2,08 1.03 4,06
330 0. 30 1.29 2.10 1,05 4,05
335 0.30 1.28 2.11  °  1.06 4,03
340 0,29 1,27 2.12 - 1.08 4.01
345 0. 28 1.26 2.13 1,09 4,00
350 0. 28 1,25 2.15 1,11 3.98
355 0,27 1,24 2.16 1.12 3.97
360 0.27 1,24 2.17 1.14 3.95
365 0.26 1.23 2.18 1,15 3.94
370 0.25 1.22 2,19 1,17 3.92
375 0.25 1,21 2.20 1.18 3.91
380 0. 24 1.20 2,21 1.19 3.89
385 0,24 1. 20 2.22 1.21 -~ 3.88
390 0.23 1,19 2.23 1,22 3.87
395 0.23 1.18 2,24 1.24 - 3.85

400 N O. '22 1. 18 2. 25 l. 25 3. 84:
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RUN 17 (Continued)

Concentrations
(moles /liter)
Iodine )
Time Mono~ Nitrosyl Nitric
{seconds) lodine Chlorine chloride Chloride Oxide
405 0.22%107% 1.17x10°% 2.26x107% 1,27x107% 3,83%107%
410 0,22 . 1.16 2,27 1,28 3,81
415 0. 21 1.15 2,27 1,29 . 3.80
420 0.21 1.15 2,28 . 1,30 3.79
425 0.21 1.14 2.29  1.32 3,77
430 0. 20 1.13 2. 29 1.33 3.76
435 0. 20 1.13 2.30 1.34 3.75
440 0,20 112 2.31 1.35  3.74
445 0.19 1.12 - 2.31 1.37 3.73
450 0,19 1.11 2.32 1.38 3.71
455 0.19 - 1,10 2,32 1.39 3.70
460  0.19 1.10 2.33 1,40 3.69
465 0.18 1,09 2.33 1.41 3,68
- 470 0.18 1.09 C2.34 . 1.42 3,67 .
475 0,18 1,08 2.34 1.43 3. 66
480 0,18 1.08 2,35 1.44 3.65
485 0,17 1.07 2.35 1.45 3, 64
490 0.17 1.06  2.36 1,46 3,63
495 0,17 1.06 2.36 1,48 3,62
500 0.17 1.05 2,37 - 1.49 3.61
505 0.17 1.05 2,37 1.50 3. 60
510 0.16 1.04 2.37 1.50 3.59
515 0.16 1.04 2.38 1,51 3.58
520 0.16 1.03 2.38 1,53 3.57
525 0,16 1.03 2.39 1,54 3.56
530 0.16 1.02 - 2439 1,55- .. 3,55

535 0,15 1.02 2.39 1.56 3,54
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RUN 17 (Continued)

Concentrations

(moles /liter)
‘ Iodine _
Time Mono- Nitrosyl Nitric

{seconds) lodine Chlorine chloride Chloride Oxide

540 0.15x107% 1,01x107% 2.40x107° 1.57x107* 3.53x107*
545 0.15 1.01 2.40 1.58 3,52
550  0.15 1.00 2.40 1.59 13,51
555 0.15 1.00 2,41 1. 60 3. 50
560 0,14 0.99 2,41 1,61 3,49
565 0,14 0.99 2. 41 1,62 3,48
570 - 0,14 0.98 2,42 1,63 3,47
575  0.14 0.98 2.42 - 1,64 3,46
580 0.14 0.97 2.42 1. 65 3,45
585 0.14 0.96 2.43 1. 66 3,43
590 0,13 . 0.96 2,43 1. 66 3,43
595 0.13 0.96 2.43 1.67 3,42

600  0.13 0.95 2.43 - 1.68 3.41
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TABLE 'III

EXTINCTION COEFFICIENTS

(liter/gram-mole-centimeter)

36 °C
4900 & 4716 A 38024 3343 4
Iodine 1189. 667. 3 0.9 negligible
Chlorine ©0.295 0.893 29. 17 147.
Iodine Monochloride 229, 268. 44.7 negligible

Nitrosyl Chloride 9. 77 12,3 36.0 74.7
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TABLE V

PHENOMENOLOGICAL COEFFICIENTS

Ly

1 2
Al + LlZAZ + 5 L., A

RUN 11

' 1
mify Tlygaffy t 2 Lyyoh

2

~1227°2

Data from 45 to 19.0 seconds were used in the following Correlations

*x

e o '
*Units of L

11

11’

L], = Lol x 10711 L, = -7.44x1072
S L = -409%x1077 L, = l.s2x107°
Li= 0.0 Ly = 4.84x1070°
L},= 6.03x107% L .= 0.0
L= -Llaxi0Tt L= 0.0
o = 1.47 o2 = 5.39
L, = lLo3xiwo™ Ly = 1.24 x 101
L, = 5.79X 10710 L, = 0.0
Ly = 0.0 Ly = 0.0
L% 0.0 L,,= 0.0
Ll'?_z= 0.0 Ly,,= 0.0
6% = 24.4 o? =734,
*Units of L

|
!

|
0

-
n

-
!

~
I

12 ©

-
I

11~

- r

1227

Q
1]

112

1.02x10° 1

-3.62X10" 7
0.0
5,13 x 103
0.0

2,86

0.0

2.03 %107

and le are (gram—moles)z/calorie-liter—second

3 . 2 ..
Ly, and Ly, are (gram-moles)” /calorie “-liter

second
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RUN 11 (Continued)

Data from 95 to 190 seconds were used in the following Correlations

-
0

Il

n

| S o
1

1,01 X10~

1

-5, 47 ><_1o"9

7.90 X 101

0.0
-1.55X10°

0. 54

1.01 X10~
4.12x107}
0.0
0.0
0.0

2. 21

3

11

11

0

r
il

11

r
i

12

111

112~

| S
I

122

Q
il

.
!

11

i
n

113

112~

| S
1

122

q
I

1.02 x10° 11

-1.94 x1077
0.0

2.96 X10~
0.0

1.20

11

1.13 X10~
0.0
0.0
0.0
0.0

27. 6

RUN 12

13

-
1

1.01 x1071

2,72 %1070
0.0
0.0
5,64 X 10”12

1.39

0.0 |
2.37 X107
0.0
0.0

0.0

Data from 20 to 250 seconds were used in the following Correlations

9,37.X10"

8.62 %1071

0.0
-7.51 X10~

~1.91 X107

= 0.46

12

0

14.

3

1.81 x10° 12

~2.74 x 1071

~2.42 %107t
0.0

0.0

5

Ly
Lip =
L =
L

112

1227
52

-3.17 X10~

8.93 x 10”12

4,22 %1010
0.0
14
0.0

1.58



L, = 854x1072
L, = 8.82X 1071
L= 0.0

Ly,= 0.0

Lypp= L 08 X 10713
02 = 10.4

L11 = 0.0

L, = -1.83x107
Ly = 0.0

L,,= 0.0

L,,= 0.0

0% =407,
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RUN 12 (Continued)

L, = 8.29%X1072
L, = 5.19x107"
Ly = 0.0
Ly,= 0.0
Li,,= 0.0
o = 42,4

-12

L = 17.48X10
Ly, = . 0.0
L111 = 0,0
L112= 0.0
L1'22= 0.0
o® =5876,

Data from 70 to 250 seconds were used in the following Correlations

9,27 x 10”12

1.87 x 10710
0.0
0.0

0.0

" 0.068

12

L, = 803X 10~
L, = 0.0
Ly = 0.0
LllZ: 0.0
LlZZ: 0.0
2

o =2493,

r
n

11

™
I

12

111

|

it

112

r

122

0'2 .=

0.0

-8.32x 10710
0.0
0.0
0.0

10.5
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RUN 12 (Continued)

. Data from 120 to 250 seconds were used in the following Correlations

r
i

11

.
1

12 7

|
]

11 -

12~

o r

1227
52

9,25 X 10 12

1.81 x 10710
0.0
0.0
0.0

0. 046

12

LH, =  8.46 X10~
Ly, = 0.0

Ly = 0.0

Ly,= 0.0

Ly,,= 0.0

o% =1056.

r

11

r

12

11 -

112

|

|

.

122°

0'2 =

0.0

= -1.30%x10"?

0.0
0.0
0.0

4. 45

Data from 170 to 250 seconds were used in the following Correlations;

-
I

9.23 x 1012

1.63 x10710
0.0
0.0
0.0

0. 027

-
I

11

-
1

12
111

127

| ol -
1

1227

8.83 X 1012
0.0

0.0

o = 349,

-
I

0.0
~2.20 %1077
0.0
0.0
0.0

1,87
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RUN 13

Data from 45 to 310 seconds were used in the following Correlations -

L, = 5.02%x107%
L, = 6.81X 10710
Ly = 0.0

Lg,= -4.88x107%
Ligp= 0.0

02‘ = 2,62

L, = 1.05 x 10~
Ll'2 = 0.0

Ly = 0.0

Ly,= 0.0

L,,= 0.0

o?  =3720,

'l o S

Q

12

111

i

12~

122°

4.71 x 10712

3,78 x 10710
0.0

0.0
~6. 26 x 10713

2. 48

0.0

4.18 x 10710
0.0

0.0

0.0

20,0

5,61 X10 12
2,46 x 10710
0.0
0.0
0.0

5.03

Data from 95 to 310 seconds were used in the following Correlations

r
]

11

|
0

12

t
I

m -

r
I

127

-

1227

5,41 X 107+2

-5.97 x 10710
0.0

112 x 10713
0.0

3. 56

L

11

1

1]

5.08 X 10 12

10

2.97 X10~
0.0
0.0
0.0

2, 88

8.75 x 10712



it

0.0

5.56 x 10710
0.0

0.0

0.0

8. 35
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RUN 13 (Continued)

Data from 145 to 310 seconds were used in the following Correlations

L, = 5.68x1072
L, = -4.98X107°
Ly = 0.0

Ly,= 7.12X107°
Ly,,= -1.52%X1072
6% = 0.040

L, = 7.39x107°
Ll'2 = 0.0

L= 0.0

L112= 0.0

L1~'22= 0.0

2

o = 1002.

e t‘p_;r‘ t
o
]

Q
I

5.72 X10°
-3.88 X 10~

0.0

5.52 X 10"

0.0

0.048

0. 00
6.32 X10°
0.0
0.0
0.0

6. 90

12

9

13

10

!

&

=

=

r

Q

11

12

111

112

122

il

5,08 X 10712

2.77 x 1010
0.0

0.0

0.0

3,24
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RUN 13 (Continued)

Data from 195 to 310 seconds were used in the following Correlations

12 12

Ly, = 5.47 X107 Ly = 6.03X10° L, = 0.0 _
L, = L3ix107® Lo = 0.0 L, = 7.49x107%°
Lm'= 0.0 Ly = 0.0 Ly = 0.0
Ly,= 0.0 Ly,= 0.0 Lyp,= 0.0
Li,5= 0.0 Ly,,= 0.0 Ly,,= 0.0
02 = 0,59 02 = 0,0 2 . 6.39
RUN 16

Data from 70 to 500 seconds were used in the following Correlations

Ly = 3.80X oM L, = z08x10 L, = 4.88x107"
L, = -2.09x1070 L = -4.57 x107% L= -1.46x1071°
Lg, = -5.22X107° L = 0.0 Ly = -8.18 X 10712
Ly,= 0.0 L,= 4.6l x10%  Lo,= 0.0
Ly,,= -3.46x107%  L.= -1.06X 1077 L,,= 0.0
o = 12.8 % = 17.0 % = 11.3
L, = 21z2x10™" L. = 1.99 x 1071 L, = 2.33x107"
L, = -470x107°% L= -2.03x 107 L, = 2.36x107"
L= 0.0 L= 0.0 L= 0.0
Lg,= 5.18x107% 1..= 0.0 L,,= 0.0
Ligp= 0.0 L,,= -5.92x107% L= 0.0

2 - 18.6 of = 34.0 o = 46l.

Q
i
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RUN 16 (Continued)

Data from 270 to 500 seconds were used in the following Correlations

11 11

2.29 X10~

Ly = 214 X 10~ Ly = L, = 0.0
L, = -7.82x1070 L = 0.0 L, = -8.57x107°
Ly = 0.0 Ly, = 0.0 L= 0.0
Ly,= O 0‘ Ly,= 0.0 Lyj,= 0.0
Ly,,= 0.0 L1'22= 0.0 L1'22= 0.0
o = 17.0 0% = 245, o = 38.6

Data from 370 to 500 seconds were used in the following Correlations

Ly, = 215x10" L, = 2.2 x 1071 L, = 0.0

L, = -635x107 L= 0.0 L, = -1.65X107"
L= 0.0 Ly = 0.0 Ly = 0.0

Ly,= 0.0 Ly,= 0.0 Ly,= 0.0

L,,= 0.0 155= 0.0 L,,= 0.0

o = 16.1 o = 84.3 o = 9.15
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RUN 17

Data from 70 to 600 seconds were used in the following Correlations

L, = L35x107
L, = -7.12 %1070
L= 0.0

Ljj,= 231 x 10714
Li,,= 0.0

c; = 0,86

L, = 2.03x1071
L, = 0.0

L= 0.0

L= 0.0

L12'2= 0.0

0% =726l

1.19 x107H
-9, 27 x10710
0.0

0.0
-4, 46 X 10712

0.71

0.0
-1.42%x1077
0.0
0.0
0.0

3.42

r
i

1.38 x 10”1

-5,01 x 10710
0.0
0.0
0.0

1.04

Data from 170 to 600 seconds were used in the following Correlations

L, = 1.60X 1071
L, = -4.73 %107
Ly = 0.0
Ly,= 7.89 x10713
L,,= . 3.06x107"
0'2 = 0,11

ag

L
L
L
L
L

11

12

111

112

2

il

1227

1.31 x10°H

-9.18 x1071°
0.0

4,44 x1071%
0.0

0,77

~
1

11

r
1

r
1

11~

.
!

127

=

1227

Q
i

1,35 x10 1

-5.35x 10710
0.0
0.0
0.0

0.97
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RUN 17 (Continued)

L, = 1L99x1w0™ L = 0.0

L, = -0.0 L, = 1.49 x10"7
Ly = 0.0 Ly = 0.0

Lyjp= 0.0 Lj,= 0.0

Ly,,= 0.0 Li,,= 0.0

o%  =8406. o = 3,46

Data from 270 to 600 seconds were used in the following Correlations

L, = Lsaxwo™ L, = 1.sexio™ L, = 1.30x10™"
L, = 444x1077 L. = 310x107° L= -6.09x107"
L= 0.0 L= 0.0 Ly = - 0.0
L,,= -6.53%107% L ,= 0.0 | Ly,= 0.0
Li,,= 0.0 L,,= l.44x107" L,,= 0.0
o = 2.99 o = 0.22 o = 0.79
L. = 1..s9xw0® L. = 0.0
11 1
L, = 0.0 L, = -1.71 X107
Ly, = 0.0 L= 0.0
Ly,= 0.0 Lu'z = 0.0
1,_1'2'2= 0.0 Li,,= 0.0



-187-

RUN 17 (Continued)

Data from 370 to 600 seconds

L, = 1,59 x1071
Ly = T 62 %1077
Ly, = 0.0

Ly,= -1.10 x10712
L1'22= 0.0

¢ = 0,44

L, = L.71x107"
L, = 5.84X 10713
L= 0.0

L112= 0.0

L,,= 0.0

0% =4078.

Data from 470 to 600 seconds

Ly = 156X 1071
L, = 2z4z2x107°
L= 0.0

L= 0.0

L,,= 1.02x107"
o = 0.37

-

| N

11

i]

12
111
112

1227

were used in the following Correlations

1.59 X 10~
3. 23 X1
0.0
0.0
1,59 X10~

0.13

0.0
-1.93 X10~

0.0

11

0-10

11

9

10

Ly = 1.37 x 101
L, = -4.59X10"
'L111 = 0.0

Lyp= 0.0

L,,= 0.0

¢ = 1,06

were used in the following Correlations

1.52 X100~
-7.36 X10~

0.0

11

11

L, = 1.55X 1071
L, = 0.0
Ly = 0.0
Lg,= 0.0
L,,= 0.0
o2 = 99.9



-

| R N

Q

12
111
112

122

(]

0.0
-2.73x1077

0.0

0.0

0.0

1. 56
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RUN 17 (Continued)



=L

2 A

v 214

Data from 45 to 190 seconds

+ L
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2B, tEL, A

2 by T L

RUN 11

A A

212771

2

t3l,,

L, = -_1.56x1o'
L’2‘2= 1.12 X107
L, = 5.20X10°
L,,= 0.0

L,,7 0.0

02 = 0.52

L, = 5.58 X10"
L,,= 0.0

L, = . o.o.
L=2'12= 0.0

L,,= 0.0

o® =193,

are (gram-moles) 2/calorie -liter-second

* o -11 - -12
L, = -1.55X10 L, = 3.15X10
w -10 o -9
L,,= 1.71X10 L,,= -3.71 X10
ok -15 o
Ly 5.16X10 L, = 0.0
s ‘ _ -13
Ly,= 0.0 L,,= 5.83X10
Tk _ -12 o -11
L, =2.22X10 L,,,= -2.04X10
o = 0.46 o2 = 1.07
- -12 _ -12
L, = 3.36X10 L, = 3.49X10
o -9 _ -10
L,, = =-3.64X10 L,, = 5.71X10
Lop= 0.0 Lo;= 0.0
C -13 _
L,,= 5.15X10 L,,= 0.0
Loy 0.0 Loy 0.0
02 = 4,06 O'Z = 22.9
s . ’ :
Units of L21 and LZZ
**Units of L., L dL
: DILS O Lipype o120 309 222

are (gram-moles)3/calorie % liter-

second

were used in the following Correlations

11
10

15

12



I

Data from 95 to 190 seconds

0.0

1.26 X10"7

0.0

0.0

3.18 X10°~
3,25 %107
0.0
5.08 X 10~
1,52 x10°

0. 56

12

13

ol ol o S
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RUN 11 {Continued)

Q

21
22
211
212

222

3.23 X10°~
4,05 X10°
0.0
0.0
0.0

1.01

12

10

L, = 4.40 X10~
L,,= 0.0

L,;= 0.0

Ly, 0.0

L,,= 0.0

% = 66.1

were used in the following Correlations

12
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RUN 12

Data from 20 to 250 seconds were used in the following Correlations

L, - 2,58 %1072

L,,= 3.81x10
‘L= 4.00x107

L212= 0.0

Ly,= 3.30 x107%

0'? = 0,59

L, = 3.86X 10712

L,,= 0.0

L, = 0.0

L,,= 0.0

L.222= 0.0

o® = 4.7l

in = 3.84x10°%2
L,,= -2.45%107%
Lop= 0.0

L,,= 261x107%
L= 1.31x107%°
o = o.11

L, = 0.0

L,,= -1.03 x 10710
LZil_ 0.0

L,,= 0.0

L,,= 0.0

6% = 217.

L, = 4.06x107"
L,,= l.25X 1071
L211= 0.0

Ly,= 0.0

L22'2= 0.0

02 = 0,86

Data from 70 to 250 seconds were used in the following Correlations

L, = 3.83%107"
L,,=.-2.18X 10710
L.211=_' 0.0

L,,= 221 x107*
Lyo® 0.0

o = 0.066

L, = 3.82x107"
L,,= -5.89x107"
L= 0.0

L,,= 0.0

L, -8.19x107"3
0’2 = 0,064

L21 = 3.93x1072
L,,= -1.03x107"
L,.= 0.0
L, ,= 0.0
Lyos 0.0
02 = 0,34
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RUN 12 {(Continued)

12

L, = 3.99X 107 L, = 0.0

L,,= 0.0 L,,= -4.42%107°
Léll = 0.0 . Léll = 0.0

Ly,= 0.0 L,,= 0.0

L,y 0.0 L,,,= 0.0

02 = 0,46 0'2 =

Data from 120 to 250 seconds were used in the following Correlations

L, = 3.8¢x107% 1L, = 3.8x1007% L = 3.99x107
L,,= -487x10"% L= -z92x10" L= 0.0
L'211= 0.0 L, = 0.0 L'm: 0.0
L,,= 0.0 L,,= 0.0 Ly,= 0.0
L,,= -5.28 X107 L, = 0.0 L= 0.0
o = 0.081 6% = 0.099 o2 = 0.58
L'21 = 0.0
L,,= -6. 46 x 10719

L211= 0.0

Lo ,= o..'o

L222= 0.0

2

Q
1
C W
Il
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RUN 12 (Continued)

Data from 170 to 250 seconds were used in the following Correlations

L, = 3.88X 10712 L, = 3.89 x 10712 Ly = 3.85X 10712
L= 815x107° L, = 3.86X107" L, = -3.48X 1071
LZH— 0.0 Ly;= 0.0 L,;= 0.0
L,,= -1.06X 10713 L,,= 0.0 L, ,= 0.0
L,,= 0.0 L,,,= 3.70X 10712 L= 0.0
&2 = 0.020 ¢ = 0.010 ¢ = 0,086
L, = 3.93x107% L, = 0.0
L,, = 0.0 L,, = -1.02 x1077
L, = 0.0 L= 0.0
L,,= 0.0 L,,= 0.0
L= 0.0 L= 0.0
2 2



Data from 45 to 310 seconds
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4,03 x 10712
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RUN 13

L, = 3.20x107"
L,,= -9.39 X 10710
L, = 0.0

L,,= 1.63%x1075
L,,7 -1.65x10712
¢ = 0.54

LZl =-: 0.0

L, = 1.92 x 10710
Ly = 0.0

L212= 0.0

LZZZ: 0.0

¢ = 0.89

were used in the following Correlations

L, = 5.23%x1071?
L,,= 1.76x107%°
L= 0.0

L, ,= 0.0

L22'2= 0.0

¢ = 0.74

Data from 95 to 310 seconds were used in the following Corréelations
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'l I o N
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222"

q
f

- =2.52 X10

-11

4,79 x 1071

7.52 x 10712

0.0
6.76 x10713

0. 046

L, = 7.38 x 10713
L,, = -1, 66 x1077
L,;= 0.0

Ly,= 2.52 x 10713
L,y -1.68 x 1012
o2 = 0,015

Ly = 8.4l x10713
L,,= -7.86 10710
LG = 0, O,
Ly ,= l.2l x 10713
Ly,7 0.0
0'2 = 0.21



6.88 X 10713

9.60 x 1071

0.0

0.0
13

8.90 X 10~

0.48

0.0

2,10 x10°10

0.0

- 0.0

0.0

0.71

RUN 13

' G N N

q

21
22
211
212

222

~195-
(Continued)

3.32 x10713
1.93 x 10710
0.0
0.0
0.0

0. 69

2.73 X 1012

0.0
0.0

0.0

0.0

8.30

Data from 145 to 310 seconds were used in the following Correlations

-1.95 X10~

7.21 x 10713

-1.75 X 10’9

0.0
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-1,22X10°

8.58 x10713
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1.79 x 10713
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21
22
211

L
L
L
Lot
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e
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6.60 X 10~
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1.26 x 10710

0.0
0.0
0.0

o. 23
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RUN 13 (Continued)

o e o N

13}

21

i

22

0.0

1.73 X10~

10

Data from 195 to 310 seconds were used in the following Correlations

7.90 x 10713

-5.49 X107
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Data from 70 to 500 seconds were used in the following
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RUN 16

1.12 X 10" +2

2.04 x 10710
0.0

-3.20 X107 1%

-1.11 x10733
0.14

1.39 X 10712

2.08 x10°
0.0
0.0
2.26 x10713

2.15

0.0
6,65 x10° %
0.0
0.0
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7.51

&
1

2117

&
]

2127

&

222
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2.08 x 101

4,00 X107

2.53 x 10713

-6.20 x107H
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RUN 16 {Continued)

Data from 170 to 500 seconds were used in the following Correlations

L, = 1,11 x10712
L,,= 9.85 x 1071
Loy= 0.0

L,,= -1.60 X107
L= 0.0

0'2 = | 0.092

L, = 2.02X1077
L22 = 0,0

Lle = 0.0

Laz= 0.0

L= 0.0

ot = 9,25

Data from 270 to 500 seconds
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L, = 978X 10”
L,, = -2.48 x 1071
L,,= 0.0

L,,= 0.0

L,,= 0.0

¢ = 0,058
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1.10 X 10712

-7.10 X 10712
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were used in the following Correlations
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RUN 16 (Continued)

Data from 370 to 500 seconds were used in the following Correlations

12

L, = 1.07X10° L, = 9.39X1072% L, = 1,23x107%2

L,,= 3.82 x10710 1= -2.93x107H L,,= 0.0

Lm:' 0.0 Lo;= 0.0 L,i= 0.0

L,,= -5.81 x100* L= 0.0 L, ,= 0.0

L222= 0.0 L222= 0.0 L222= 0.0

¢ = 0,018 ¢ = 0,060 ¢? = 0,41
Ly = 0.0

L,, = -9.89 X 107!

L= 0.0

L,,= 0.0

L,,= 0.0

2 = 177
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RUN 17

Data from 70 to 600 seconds were used in the following Correlations

i

o o N N
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-7.68 X10~
4,94 X 10~
2.48 X10°
0.0
9.82 X 10"

. 0.023

5.77 X10~
5.85 X 10~
0.0
-8.73 X10~
0.0

0.067

2.34 X10~
0.0
0.0
0.0

0.0

- 7,71
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-1.31 X10

0.026

8.27 X10~
1.22 X10~
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3.78 X10°

0.62

0.0

-1.84 X10~
0.0
0.0
0.0

2. 20
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10

13

12

13
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12
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L, = -8.79 x107}2
L,, = -2.63X 1071
L= 2.70X 1071°
L,,= 0.0

L,,= 0.0

¢ = 0.083

L, = -5.08 x 10713
L,, = -2.18x10710
L211= 0.0

L,,= 0.0

L= 0.0

2 = 1.89



-201-

RUN 17 (Continued)

‘Data from 170 to 600 seconds were used in the following Correlations
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4.05 x 1071
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5,13 X107
0.0
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2.58 X 10712

0.015

0.0
-1.44 x 10710
0.0

0.0

0.0

0.42

L, = 4.43 x1073
L,,= 3.43 x 10710
L, = 0.0

L,,= -5.20X 10714
L,,= 7.40x107"°
¢ = 0.014

L, = -3.53X 10713
L,,= -1.69 x 10710
L, = 0.0

L,,= 0.0

L,,= 0.0

¢ = 0.34

-7.19 %X 10"

1.66 X 10~

3,90 x 10713

4.51 x10°10
0.0
14
0.0

0.016

12
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' RUN 17 (Continued)

Data from 270 to 600 seconds were used in the following Correlations

L, = 444X 10713
L,,= 5.76X 10710
Ly, = 0.0

L,,= -8.83 x 10714
L,,= 0.0

« = 0.013

L, = 1.15 x 10712
L,,= 0.0

L, = 0.0

L,,= 0.0

L222=_ 0.0

2 = 112

Data from 370 to 600 seconds

L, = 4.86 x 10713
Ly, = '1.32 x 1077
L= 0.0

L, ,= -1.99 x 10713
L,,= -1.57x1071%
¢ = 0,001l

L, = 5.59X 10713
L,, = 5.62X 1071
L= 0.0

L,,= 0.0

L,,= 268X 10712
¢ = o0.012

LZl = 0.0

L,,= -1.19 x 10710
Lle: 0.0

L,,= 0.0

Loy 0.0

¢ = 0.15

L, = 5.19 x 10713
L,y = 8.47 x 10719

L= 0.0

L,,= -1.25 x 10713

L,,= 0.0

¢ = 0.0023

L, = 8.79% 10710
L,,= -1.19x107%
L, = 0.0

L212= 0.0

L,,7 0.0

¢ = 0.15

were used in the following Correlations

L, = 5.40X 10,-13
L,, = 4.34x10°H
L,;= 0.0

Ly~ 0.0

Lo~ 2.30X 10712
¢ = 0.0077



L, = 2.70x107
Ly, = -6.98 x107
Lop=' 00
L,,= 0.0
Lo 0.0
e = 0.050

Data from 470 to 600 seconds

L, = 435 x10713
L,,= -2.81 x 10”1
L,,= 0.0

L,,= 0.0

L2'22= 0.0

e = 0.0014
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RUN 17 (Continued)

13

L, = 17.81 X 10~
L,,= 0.0
L, ;= 0.0
Ly;= 0.0
Lo, 0.0
¢ = 0,27

L, = 5.58X107"
L,,= 0.0

L211 = 0.0

L212= 0.0

L2.22= 0.0

¢ = 0.015

L, = 0.0
L,, = -9.88X 1071
L,;= 0.0

L, 0.0

L= 0.0

¢ = 0.088

were used in the following Correlations

L= 0.0

L,,= -1.04x107'0
Ly,= 0.0

L212= 0.0

Ly,= 0.0

¢ = 0.12
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Primary Equipment.

Figure 2.
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EXHAUST

ROTAMETER F' ENCLOSURE waLL ® VALVE

IODINE COLUMN G BLOWER @ CHECK VALVE

MIXING CHAMBER H TEMPERATURE PROBE Q' LOW PRES. REGULATCR
REACTION CELL 1 PRESSURE PROBE % HIGH PRES, REGULATOR
BULKHEAD FITTING @ SOLENOID VALVE ®:1 CONTROL VALVE

Figure 3. Flow System,
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Figure 4. Interior of the Optical System Enclosure.
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Vacuum System.

Figure 8.
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PERCENT TRANSMITTANCE
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Figure 1l1.

4880 4900 , 4920
WAVELENGTH A

Transmittance of 4900 A Interference Filter.




PERCENT TRANSMITTANCE
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Figure 12,

WAVELENGTH A

Transmittance of 4716 A Interference Filter.
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Figure 13. Transmittance of 3802 A Interference Filter.



PERCENT TRANSMITTANCE
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Figure 14. Transmittance of 3343 A Interference Filter,
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IODINE CONCENTRATION
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Figure 16, Iodine Concentration During Run 17.



CHLORINE CONCENTRATION
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Figure 17. Chlorine Concentration During Run 17.



IODINE MONOCHLORIDE CONCENTRATION
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Figure 18. Iodine Monochloride Concentration During Run 17,



NITROSYL CHLORIDE CONCENTRATION
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-Figure 19. Nitrosyl Chloride Concentration During Run 17.
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Figure 20. Nitric Oxide Concentration During Run 17.
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Figure 21. Chemical Affinity of Reaction 1 During Run 17.
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Figure 22. Chemical Affinity of Reaction 2 During Run 17.
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Figure 23, Velocity of Reaction 1 During Run 17.
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Figure 24. Velocity of Reaction 2 During Run 17.
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Figure 25, Comparison of Least Squares Correlations. Velocity

of Reaction 1 During Run 17 Versus Time,
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PROPOSITION 1

The existing data in the literature regarding extinction coef-
ficients of iodine monochloride between 310 mp and 370 myp. appear
to be erroneous. A likely reason for this error is discussed, and

(3)

imprdved data is presented

A Cary Model 14 recording spectrophotometer with a quartz
optical cell wasusedtoexamine the continuous absorption spectrum -
of iodine monochloride. Further details of the experimental work
are given elsewhere(3).

In Figure 1, our results are compared to the data of Seery
and Britton(4), Binder(l) at 18 °C, and Gibson and Ramsperger(z).
A line has been passed through our data and Binder's.

In the ultraviolet regidn, our measurements fall on the same -
curve as those of Binder, with Seery and Britton's results deviating
slightly from this curve. However, in the region between 290 myu
and 370 mpu, the measurements of Binder and ourselves differ
greatly from those of Seery and Britton.

Likély causes of these discrepancies can be given., Since
chlorine has its maximum optical absorbency at 330 myu, perhaps
Seery and Britton failed to account for some residual chlorine in
fheir optical cell. Also, because their data in the visible region is
slightly displaced toward shorter wavelengths, we suspect that

their instrument may not have been accurately calibrated. Seery and

Britton also noticed that their data did not agree with that of Gibson
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(2)

and Ramsperger' '» However, Gibson and Ramsperger may not

have reported extinction coefficients.

References
1.  Binder, J. L., Physical Review, 54, 114 (1938).

2. Gibson, G. E. and Ramsperger, H. C., Physical Review, 30,
598 (1927). ,

3. Nebeker, E. B. and Pings, C. J., Journal of Physical
Chemistry, 69, -{1965). :

4., Seery, D. J. and Britton, D., Journal of Physical Chemistry,
68, 2263 (1964).



-231-

€ O5E OT ¥9-12-)
”m

*QUTIIGTYDOUON SUIPO] JO JUSIDIFFO0)D UOWOUMXH °I oandt g

TW  "HLONII3IAVM

| _ _ _

0SS 00S oSY 00¥ 0GE 00€ 052
_ I [ | SR ST «
' 0 g O . >
e a o o O
- ”/ o -
1 // \\ ] ..
A /
3\ VAl o
\ / F
\ yan: Q.
. / \ « | |
B ( // \\ e u
/ v
\ / A
\ / (
] \ /
— _0 \_/ . A
Q v,
] | .
u SONId ANV 43M3giIN O N L
— H Y3IOW3IdSAVY ANV NOSHID —— & Y
0 . NOLLidg ANV AY¥33S O .
SO ¢ y3aanNig v 1%
O _.-

o002

00t

009

008

000l

‘IN3IDI4430D NOILDNILX3

r

IT0ON WD/Y3L



-232-

PROPOSITION 2

Momentum equations and equations of motion for variable mass
systems are discussed. A suggestion for treating this type of system
is given. The concepts are applied to a specific problem to show that,
cori;crary to statements appea ring in the literature, the rocket engine
does not produce-an external force on a rocket under conditions of

optimum expansion in flight.

In 1961, Nebeker(7) noted that the momentum equations for

variable mass systems were occasionally being misinterpreted in

the literature(4’ 1L _12’ 13) (9). Since that time,

Bottaccin_i(l’ 2), Meriam

and in practice
(6), and .Thorpe (14) have called attention
to the same problem and have discussed it in various ways.

Attention to this problem has resulted primarily from the recent
interest in rockets and their behavior in flight. Therefore, the parti-
cular example of a rocket in flight will be examined.

Newton's Second Law of Motion essentially consists of two

statements: 1) the time rate of change of momentum is equal to the

force producing this change of momentum, and 2) this change takes

place in the direction in which the force is acting(S’ 5). This first
. statement may be written
- d '
F= dt (mrvr) (1)

where F is the sum of external forces acting on the rocket, m.,

is the mass of the rocket with its unburned propellants, and v is
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the velocity of the rocket with respect to an inertial coordinate system.
Care must be used to employ consistent units in equation (1), Since
eqﬁation (1) suggests differentiation of the mass with respect to time,
an inference is made that this equation is applicable to variable mass
syétems. The difficulties whichl can be created in this way can be
demonstrated.

If equation (1) is differentiated, the following expression is

obtained

F= mrdvr/dt v, dmr/dt (2)
or,
F = m a_ + Vrn'qr . (3)
For é. system of constant mass, equation (3) reduces t6 the familiar
form

F = mrar.. . | (4)

Consider a rocket in flight under such conditions that aerody-
namic, gravitational, centrifugal, and Coriolis forces can be neg-
lected. Assume that‘ the thrust of the rocket is acting along the line
of motion, which is presumably along the axis of the rocket, and that
the rocket engine is suitably designed so that optimum expansion
occurs. |

Under these conditions, in the field of rocketry the equation of

(9,13)

'motion for a rocket is usually written in the following form

Thrust = m_a . (5)
r¢r
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. where the Thrust is defined by the eciuation(4’ 8,10,13)

Thrust = - o | |
rus mgvgr {6)

where Vgr is the velocity of the gas relative to the rocket, and m
is the mass flow rate of the gas. Kquations {5) and (6) can be com-~

bined to give the equation of motion for the rocket(s’ 13)

-m v =m.a_ . (7)

v =V_-vV, ., ' (8)

where vg is the velocity of the gas with respect to the inertial co-

ordinate system, and

m = - m ' (9)

_togive
-mv_ =m.a_ +m.v._ . (10) .
rr r'r

g 8

Equation (10) is another form of the equation of motion for the rocket
in flight under the conditions cited.
Because of the obvious similarity of equation (7) to the expres-

sion of Newton's Second Law of Motion for a system of constant mass,

(4,11,12,13) (9) ‘

as given by equation (4), in the literature and in practice

the Thrust of a rocket engine, , is erroneously called the

-m_v
g gr

external force on the rocket due to the engine. Since the rocket is

an example of a system in which the mass is not constant, comparing
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the equation of motion of the rocket to an-expression of Newton's

Second L.aw for a constant mass system certainly would not be

expected to give the external force on the rocket.

Cn the other hand, if the equation of motion of a rocket in
flight, equation (10), is compared to an expression of Newton's
Secoﬁd Law for a system in which the mass is not constant, .

. equation (3), the external force on the rocket appe?.rs to be - rflgvg .
However, by gxamining Vg, this so-called force, -n"lgvg, is
oriented in the direction of flight during the initial portion of the
rocket's flight and diminishes gradually to zero as the magnitude of
‘the velocity of the rocket with respect to the earth approaches the
magnitude of the velocity of the gas with respect to the rocket. As
the velocity of the rocket with respect to the earth is increased

even further, this external force will be; come oriented in a direction
opposite to the direction of flight. Since the beh.;.u,vior of this - rr':lgv'g
term contradicts the second statement of Newton's Second Law of
Moti'on', i. e. that change of momentum is in the direction in which
the forlce is acting, -~ Iﬁgvg does not appear to be the external force
on the rocket due to the engine.

A momentum baiance equétion can be written for the system
consisting of the rocket with its unburned propellant and the expelled
gas in order tb verify the equation of motion for a rocket in flight as
given by equation (10). For most purposes, conservation of momen-
tum equations may be considered as supplementing Newton's Second

Law with additional terms which describe the flux of momentum into

and out of the system. Therefore, the conservation of momentum for
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a variable mass system can be expressed by

rate of momentum into the system - rate

- of momentum out of the system + sum of
external forces acting on the system = rate
of momentum accumulation in the system

(i1)

This is a very useful method of generating momen‘tum equations:
and equations of motion. The form of equation (11) is analogous to
mass and energy conservation equations. However, in the case of
momentum equations, the sum of external forces term takes the place
of the "source-sink" term often used in the other equations.

If the system is chosen to include the rocket with its unburned
propellant and also the expelled gas, under \conditions which have
been cited, no external forces or momentum fluxes into or out of the

system will exist. Hence, equation(l]) will reduce to

0= rate of momentum accumulation in the system (12) -
or m
o o) g (TR, o
dt dt Jg g g . ‘

where - mg is the mass of the gas. Eguation (13) can be further sim-

plified to the expression’

- mgvg =m_a_ + m v . (14)
Equation (14) is simply the equation of motion of a rocket in flight

and is identical to equation (10).

1One method of reducing equation (13) to the form of equation (14) is

dim v ) m - t t
: ror d g d . . d
tr—— T = —— e e—— - - — dt
T 3 Jo vgdmg T fovgmgdt mg T fovg
ma +mv =-m v '
rr rr g
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If the system is now chosen to be only the rocket itself with its
unburned propellant, possibly some external force on the rocket can
be found which can be attributed to the rocket engine. The momentum
flux into t1;1e syste;n will again be zero, but the momentum flux out

of the system will be n'zovg. Equation (11) can then be written
&
- n"lgvg' + external force acting on the rocket =

d(mrvr) . ‘
T = mrar + mrvr . (15)

As shown By a comparison of equation (15) with the équatio_n of motion
of a rocket, as given by either equation (10) or equation (14), the
external force acting on the rocket will be zero and equation (15).
reduces to

-mv =ma *tm v (16)
rr rr

g 8

- which is identical to equation (10.) and (14). Therefore, the rocket

engine exerts no external force on the system of the rocket with its

unburned propellant under the conditions of optimum expaﬁsion.
Unfortunately, this matter is often treated incorrectly in tfxe

(9)

literature. As a result, in practice some confusion and uncertainty

is often introduced in the application.of these ideas.
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PROPOSITION 3

For a pseudoplastic fluid, the conventional Reynolds number
employing an apparent viscosity of the pseudoplastic evaluated at the

wall shear is useful in indicating the presence of laminar flow.

The Reynolds number is a familiar dimensionless grouping
which is often used to determine whether laminar or turbulent
flow exists in a pipe. For pseudoplastic fluids, a generalized

Reynolds number, introduced by Metzner and Reed(3), is used
Re' = —'O—-‘r—l—'—'— (1)

whe re D, is the inside diameter of the pipe, U is the bulk velocity
- of the fluid, p is the specific weight of the fluid, n' is a flow
behavior index, and K' is a fluid consistency index(z). In employing
this Reynolds number as a test for the presence of either laminar

or tufbulent flow, a correlation presented by Dodge and Metzner is
often usev . (1).

The a.pplicatlon'of thisv generalizéd Reynolds number is limited
by the fact that some knowledge of n' and K' must be available.
Also, the nume rical computation of equation (1} is rather lengthy.

However, as shown below, the conventional Reynolds number
employing an apparent viscosity of the pseudoplastic may often be

very useful in indicating the existence of laminar flow. The apparent

viscosity is evaluated at the particular value of wall shear encoun-
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tered,

A Newtonian fluid is often defined by,

7 =m7( - du/dr) (2)

where T is the shear stress, 7 is the viscosity, and (- du/dr) is
the rate of shear. Upon introducing the apparent viscosity, Ny
which is equal to 7 for a Newtonian fluid, and writing the above

equation at the wall of the pipe,

T = ‘nao( - du/dr) . (3)

For the laminar flow of a pseudoplastic ﬂuid, with a bulk velocity U,

(2)

the shear rate at the wall is given by

(- du/dr)_ = [5%12}11 (8U/D,) . (4)

For the same bulk velocity, the wall shear can be written

T_=7n_ (8U/D_) (5)

where n; is an apparent viscosity obtained from a plot of T, versus
(8U/DO). As shown by equation (6}, n; will not, in general, be |
equal to Mo unless only Newtonian fluids are considered. Upbn
combining equations (3), (4), and (5), the relationship between 'r];l

and LI is obtained

. 3n' +1 '
My = ao[ 4n ] . (6)
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Using the preceeding expression, equation (5) can be written

T =, [_3.’1'7%'_1.] (8U/D,) . ()

(2)

For a pseudoplastic fluid in laminar flow
1 n' ’
T, = K (8U/DO) . (8)

Combine equations' (7) and {8) to obtain

- wi| __4n' n'-1 .
M, = K [3n, " 1} (8U/D_) . (9)

A conventional Reynolds number employing an apparent viscosity

evaluated at the wall shear may be defined
"Re = DOUp/‘I‘]aO . (10)
By combining equations (9) and (10}, the following expression is

obtained
t

1
n ..2-n
3n'+1|[ P U P :
Re = e —TT . (11)
) n 8 KI

But the last factor in the above equation is merely Metzner and

Reed's Reynolds number, and therefore, equation (11) can be written

1
Re'=| —30 | Re . | (12)
3n' +1

Hence, in the laminar region, the Reynolds number, as defined by
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equation (10), multiplied by the factor 4n'/(3n' +1), is identical to
the Reynolds number defined by Metzner and Reed.

'For a pseudoplastic, n'< 1,00, and therefore,

4n'

— <100, - ’ (13)
3n' +1 ‘

Hence, as shown by equation (12), Re' will always be less than Re
for a pseudoplastic fluid. Therefore, if the experimental correlation
of Dodge and Metzner is assumed to be valid and if the value of a
Reynolds number calculated using equation (10) lies in the laminar

region, laminar flow will certainly exist.
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PROPOSITION 4

For a chemical reacting system in which the independent
stoichiometric equations can be identified, linear transformations
of the fluxes and forces which destroy the symmetry of the phenomeno-

logical coefficient matrix are not applicable. -

In the literature of non-equilibrium thermodynamics, a dis-

cussion(l’ 2, 4’ 5,6,7,9)

regarding the applicability of linear transfor-
mations of the fluxes and forces appearing in the phenomenological
laws exists. A new set of fluxes, g', can be created by making a

linear transformation on the original set of fluxes, &, by the trans-

formation matrix P ,

g':P-g, , . (l)

Similarly, using the transformation matrix 2, a new set of forces,

X', can be created from the original set, X , by

X' =2 X. (2)

In any macroscopic theory, the rate of entropy production
should be invariant, regardless which set of fluxes and forces are
used to describe the reacting system. Imposing only this restriction,

(2) (5)

Davies and de Groot and Mazur show that the transformation

matrices, P and 2, are related by

P. D=4+ & (3)
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where P is the transpose of £, J is an identity matrix, &£ is the
phenomenological coefficient matrix, and I is any skew symmetric
matrix. Unfortunately, such transformations destroy the symmetry

(2, 5)

of the phenomenological coefficient matrix , thereby destroying

(2,5,6) have

the Onsager reciprocity relations, Various arguments
been proposed which set & = 0, so that the transformation matrices

are related simply by
P' D= tg . (4)

I @ and 2 are related.by the above expression, the symmetry of
the phenomenological coefficient matrix is retained.

-If the example of chemical reacting systems is considered,
further insight into this problem may be obtained. Assume that the
sufficient number, r, of independent stoichiometric equations can

be identified to describe the reacting system

C

v M =0 =1,2,...,1, 5
zg vy e i -
v=1

where VYP is the stoichiometri.c coefficient of the yth chemical
species in the pth equation, M'Y is the molecular weight of the +vyth
species, and c¢ is the total number of macroscopic chemical species
present in the s’ystem. The stoichiometric equations can be sub-
jected to a linear transformation, resw}iting in a new set of stoichio-

metric equations
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c. I : :

Z (giphvy oMy = 0, '6)
v=1l p=1

where ap'p is an elemenf in the stoichiometric transformation

matrix. De Donder(s) and Prigogine(a) show that this transformation

of the stoichiometric equations is equivalent to the following -velocity

and affinity transformations

= Z(ap, ) V P' =1, 2: sr (7)
r

= 'A' '= H] 2 * 9 ey
Zl(ap.p) 0 p'=1,2 r (8)

where (:a.p,p)y‘= isnthe cofactor divided by the dete rmipant_ of the
stoichiometric transformation matrix, V is the velocity, A is the
chemical affinity, p refers to the number of the original stoichio-
.metric equation, and p' refers to the number of the new stoichio-
metric equation created by the linear transformation. Alternatively,

equations (7) and (8} can be written in matrix notation

' =PO Y | (9)

It

g'=9°-4G . (10)

"Referring to equations (7) and (8), the relationship between the velocity

and affinity transformation matrices appears to be

6'30-'20::&. (11)
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Hence, for a chemical reacting system in which the independent
stoichiometric equations can be identified, linear transformation
matrices of the fluxes and forces are related by equation (11).
Therefore, as stated before, linear transformations using
matrices r‘elated.. in this way do not destroy the symr'netry of the |
phenomenological coefficient matrix thereby al,lso c]:e stroying the

Onsager reciprocity relations.
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PROPOSITION 5

Equating the activity of a radioactive nuclide with the e;{peri-_
mentally observed count rate is an assumption which can easily lead
to errors when the activity is a function of time. Examples of these
errors are discussed for the particular example of the determination
of the disintegration constant in simple radioactive decay. A
parameter is given which is useful as a first approximation in detex-

mining the validity of this assumption.

The count rate is the following function of the activity of a
sample |
C = J—S“At A dt 1)
At £ ' .
where At is the counting interval. A is the activity and C is the
count rate, i.e. the number of counts observed in én intérval of time
At divided by At,
The disintegration behavior of a radioactive nuclide is. often

(1)

given by the expression

-\t

N = Noe (2)

where N is the number of atoms present at time t, No is the
number present at time t = 0, and N is the disintegration constant.
Often, N is . difficult to measure directly. However, a quantity

'proportional to the disintegration rate, the activity, is easier to
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measure,

-dN
dt |

At -At

A=k =IAN = IWN_e " = A e (3)
' whe.re k is the propqrtioﬁality constant, and .A0 is the activity at
t = 0. \

'Experimentally, the count rate is measured. Offen in practice,
this count rate is equated to the activity. However, the activity is |
actually related to the count rate by equation (1). For the example of
radioactive nuclides that disintegrate according to equation (2), the
activity is given as a function of the count ,r’ate by

ANAL

- e

A:C{
1

Frequently the disintegration constant, A, must be measyred.
Examinétion of the methods which are used to experimentally measure
the disintegration consfant will indicate whe re the difficulties in
equating the activity and count rate may lie.

Perhaps the most popular methods used to determine the
disintegration constant are the specific activity and slope method(l).
The specific activity method is useful if the half-lives of the nuclides

. are long. Equation (3) éan be written
A=A /KN (5)

Hence, the disintegration constant can be determined if k and Ny

are known from other experimental measurements. Equation (5) can
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be put in terms of the experimenfally measured gquantity, the count

T ate,

A= kCNO (1 _Kj-tmt) - (6)

Therefore, equating the count rate and activity could easily lead to
errors if AAt is large. Usually, the contribution of the
NAL/ (- e—Mt) factor is negligible for AAt < 0,01. |

The application of the siope method is useful with .nuclides of
short hali-lives. Combining equations (3) and (4) and taking the

1ogérithm of the resulting expression gives

In [c(-——-z‘—“i)\z—t )1 =IlnA_ -\ . (7)
l-e o

As suggested by. the form of this equation, the 10gérithm of the
count rate is usually plotted against time, and the slope is measured
to determine the disintegration constant. Of course, with AAt < 0. 01,
the count rate will very nearly approximate the activity, and no
appreciable error will resﬁlt’. For NAt > 0.01, no error will result .
using thié method if At is kept constant, that is, the counting
interyals are kept constant.

Hence, )\Atb appears from equations (4), (6), and (7) to be a
use'fgl parameter to establish the appiicability of this assumption in
simple radioactive decay. Note that N\ is dictated by the radioactive

nuclide, while At can be adjusted by the experimenter.
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In most cases, the error introduced by equating the activity
" to the count rate is negligible. However, the experimenter cannot
a priori neglect the possible errors that might be involved. Such
errors are likely to become more pronounced when lérge time
inf_er_vals are used. Large time intervals are necessitated when
examining safnples with low activities or when using a counting

device which has a low counting efficiency.’
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