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ABSTRACT

I.  The eddy diffusivity and the eddy viscosity near the
center of a pipe have been determined for the case of turbulent,
cylindrically symmetric, steady, non-uniform flow*, The eddy
properties were calculated from measurements of composition and
velocity in a test section 36 in, long and 6 in, in diemeter,
Naturel gas was introduced into a turbulent air stream through an
annulus section 1/8 in, thick. Experiments were made at Reynolds
numbers of 45,000 and 82,300, Both eddy properties were fouhd to
vary apprecisbly with distance downstream from the annulus. The
eddy diffusivity varied much more than did the eddy viscosity,
being less in some regions and much greater in others. However,
there appeared to be no tendency for either eddy property to
approach zero at the center of the channel, The results of

the experiments are discussed and compared to the data of other

workers,

IT A, The optical absorbance of the liquid phase of mixtures

of nitric acid, nitrogen dioxide**, and water was measured at 32o F
at wavelengths of 500 and 425 m/», At the longer wavelength compositions

containing 0.8 or more weight fraction nitric acid were studied., At
*

Flow is defined as steady when the average velocity, temperature,
and other properties of interest at a point do not change with
time, Flow is defined as uniform when the derivatives with respect
to x, the coordinete in the direction of flow, of velocity,
temperature, and other properties of interest are zero, Uniform
flow is theoretically unattainable but may be closely approached

in practice,

The term nitrogen dioxide is used to designate equilibrium mixtures
of nitrogen dioxide and nitrogen tetroxide,
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' the shorter wavelength the compositions were limited to a minimum
weight fraction nitrié'acid of 0,93, The results indicate that the
absorbance varies linearly with the weight fraction nitrogen dioxide at
small concentrations of this component. The optical absorpiion appears
to be a useful intensive property of the liquid phase to be emplcyed as
an aid in determining the composition of the ternary system.v ‘

1l B, Values of the optical absorbance of solutions of nitrogen
dioxide in nitric acid were measured at 32° F. and one atmdsphére using
light at a wave length of 425 m/bc The data obtained were applied in a
studonf the ionization occurring in the solutions, The numerical
solution of simultaneous equations based on equilibrium expréssions
indicated that im nitrie acid solutions containing less than one‘Weight
per cent nitrogen dioxide the nitrogen dioxide is about 70 per centu
dissociated ihto nitrosonium (N0+) and nitrate (Nog) ions whereas the
nitric acid is about five per cent dissociated into nitronium (No;) ions,
nitrate ions, and water. Although the uncertainty is high, the order

of magnitude of these values is correct.

Iil. In aqueous solution, Na28204, sometimes callea sodium hydrosul-
fite but more cofrectly sodium dithionite, undergoes irreversible decom-
position at a measurable rate to give NaHSOB, sodium bisulfite; and

Né S‘O » sodium thiosulfate, as products, Studies of this reaction with

27273

initial compositions in the range 0,01 - 0,10 F NaQSQOA were made with

"the exclusion of air, A solution of Na28204 alone decomposes in a fashion
suggesting that a degenerate branchihg chain mechanism is involved, An
apparent positive salt effect on the reaction rate results when NaCl is

added to the solution, At values of the concentretion of H* above 10"3
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moles per liter this decomposition is extremely rapid. Initial concentrations¥

of the products of decomposition, Na.HSO3 and Na28203, less than the initial
=

concentration of 5204_catalyze the decomposition, indicating that it is
autocatalytic in nature., Initial concentrations of 520§ up to tenfold

that of szoz markedly catalyze the decomposition,

However, in the presence of initial concentrations of NaHSO3

greater than the initial concentration of 3204 the chain mechenism is

overshadowed, and the reaction is first order with respect to both the

specles SZOZ and HSO§ and is independent of the initial concentration of

SO; and of the concentration of H+ but is slightly dependent on the

initial concentration of szoz « With only 80; and OH added the reaction
rete is greatly inhibited, and part of this effect may be attributed to
the corresponding lowering of the concentration of Hso;.

In the presence of initial concentrations of both N528203 and
NaHSO3 which are equimolar or greater than the initial concen#ration of
Na28204 the reaction appears to be approximately first order with respect
to the concentrations of the species SZO:’ HSOE, and 8203, In the presence
of both HSO§ and‘SZG;, however, the reaction rate is dependent on both the
initial concentration of the H‘ and the concentration of-Szcz. Superposed
on fhese overall first order reactions is an inherent periodicity in the
reaction rate, The bulk of the kinetics measurements were made at 60° Ce
although several measurements were made at 50° and 70° ¢ to obtain the
‘activation energy of the thermal decomposition reaction,

A few measurements were ﬁade at 500, 600, and 70° C of the

rapid oxidation of 0,01 F Na 320 in agueous solution by air., This

27274

Unless otherwise specified, concentrations refer to molar or formal
concentretions, '
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. oxidation reaction appears to be first order with respect to the concentra-
tion of 3202 and 1s inhibited in basic solutions. A modified analytical
procedure employing methylene blue in a basic aqueous solution of meth-
anol or acetone was used to determine Ne.2820 4 in the presence of large
quantities of other reducing agents. '

IV, A method is described for determining amounts of chromium
of the order of a few milligrams. Trivalent chromjum is oxidized by
fuming perchloric acid in the presence of a smel) amount of silver ion,
The dichromate is then determined iodimetrically. For small amounts of
chromium the method gives better results than do other methods listed
in the literature, The method has not been tried for large é.mounts of

chromium,
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PART I

RADIAL DIFFUSION IN A TURBULENT AIR STREAM



INTRODUCTION

At a given instant a fluid moving in turbulent flow has at
a given point in the stream velocities, Uy in each of the coérdinate
directions. These velocities can be considered to be composed of an
average velocity, Ui, and a fluctuating velocity, Ui, whose time average
is zero(1). The fluctuating velocities are due to the formation, move-
ment, and decay of turbulent eddies in the flowlng stream. In addition
to the fluctuating velocities, the eddies produce fluctuations in the
temperature at a point when energy is being transported across the stream
and fluctuations in the composition at a point when materisal is being
transported across the stream(z). The fluctuations of a propefty at a
polnt will be coordinated with the fluctuating velocity in the direction
~ in which a trahsport process 1s taking place, so that the value of
ET—ﬁi will be different from zero, Thus the transport processes in a
turbulent stream are considered to be due to a combinafion of the
transport due to the molecular properties of the fluid and the transport
due to the relative movement of the turbulent eddies ﬁhrough the fluid,

Consider, for example, the case of a fluid flowing uniformly
through 8 straight circular conduit, so that the only average velocity
is the one in the direction of flow. Bsynolds'(B) investigations

showed that the shearing stress on a cylindrical surface concentric

with the flow channel is given by

7 -2l o) o



where

shear stress, 1bs/ft2

specific weight of fluid, 1bs/ft>

o
g = gravitational accleration, 32,2 ft/sec®
37 = kinematic viscosity, ftz/sec.

In an analogous manner, the transfer of material through a surface by

diffusional processes may be expressed as

ac _
o Y . ik
mAd = = D Br + CyUY (2)
where
gA = weight of A transported by diffusional processes,
d

1bs/sec £t°
D = Fick diffusion coefficient, ftz/ sec

C, = average concentration of A, lbs /1&‘1‘.3
CA = fluctuating component of concentration of A.

The contribution to the shear and to the transport by diffusion of
the fluctuations due to the turbulence of the stream can be referred
to aé the contributions of the eddy viscosity, ) and the eddy
diffusivity, ¢ (9) « For ease of manipulation, equations (1) and (2)

D
- are frequently written

ag , aUx
T =-g—(£:m+y)-%? (1a)
au
=< —X |
g -f‘m or (1b)



‘where
= - & Ty
am aux Uin (3)

and &, is called the total viscosity, and

ac
0 A
mAd 2 - (aD + D) 3 (28)
ac
=—g =2  (2v)
where
. w

and g is called the total diffusivity. The analogy between the
transfers of momentum and energy in a turbulent stream has been
fecégnized gince 1874, when Reynolds(B) first proposed that the numerical
values of €y and €y the eddy conducitivity, were the same, Taylor(A)
extended the analogy in his treatment of material transfer in turbulent
flow,.

Thus, the study of the transfer of material in a turbulently
flowing air stream is of interest not only from the standpoint of the
empirical design of equipment but elso because of the insight into the
. mechanism of turbulent flow which is provided, The present work is a
part of the program which has been initiated by the Chemical Engineering
Laboratory of the California Institute of Technology for studying the

transfer of energy, momentum, and material in turbulent flow., Corcoran,

Page, et al.(s’é) investigated the transfer of energy and momentum in
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steady, uniform flow between parallel plates, J.l. Magon(7) studied
non-uniform flow between parallel plates, and D,M., Mason and V, J.
perry 8*?) studied the two dimensional wake behind a heated cylinder.
Jenkins(10) was unsuccessful in attempting to measure the transfer of
material in the parallel;plate teat section,

An Investigation of the rate of mixing of a stréam'of gas
and an annular stream of air in s circular flow channel by Schlinger(11)
was complicated by the tendency of the gas stream to rise in the horizontal
test section, In addition, the velocity profile resulting from the
effect of having a 1-in, pipe in a 4~in. channel was of a rather
specialized nature,

The primary purpose of the present work was to measure the
eddy diffusivity near the center of the channel in a stream whose
normal velocity profile had been altered as little as possibie by the
addition of the diffusing material, This was done by measuring the
diffusion of sn annular stream of natural gas 1/8-in, wide into a
stream of eir 6 in, in diameter, Composition and velocity were measured
as functions of the radius in the channel and the.distance downstream
from-the annulus, and the eddy diffusivity and the eddy viscosity were

calculated from formulas which will be derived in the text,



DESCRIPTION OF EQUIPMENT

Flow Channel:

A picture of the flow apparatus is shown in Figure 1, and
the structure of the apparatus is indicated diagrammatically in Figure 2,
Air at ambient temperature passed from the blower up the é-in, brass
tubing through an orifice plate and into a2 return section at the ceiling.
It then flowed down through the center of a piece of tubing which was
mounted concentrically with the flow channel, This piece of tubing
formed an annulus with the flow channel through which natural gas
flowed. The gas entered the annulus section at ambient temperature at
a rate which was measured with a second orifice meter. The annuius
was nominally 1/8-in, wide at the end where mixing of the gas and air
streams began., The actual width varied between 0,120 in, and 0.130 in.
The stream of mixing gases passed through the test section where the
concentration and velocity were measured as functions of the radius and
the distance downstream from the point of initial mixing. At the
oqtlet of the flow apparatus (outside of the 1aboratory) the nmixed
gases passed through a flame holder and were burned,

The flow apparatus had been used in previous diffusion work

(12,13,14) and was known at

done in the Chemical Engineering Laboratory
that time as the Essick apparatus, For the present work it was modified
primarily by the addition of the annulus insert and the flame holder

for the exhaust gases.



Test Section:

The test section, Figure 3, was a tube of Lucite supported
on a brass base which slid through a vertical distance of 5 £t and
rotated through an angle of 180°, The sampling probe was mounted on
the brass base and moved across the whole diameter of the test section.
It served also as a pitot tube and had en opening 0.065 in. in diameter,
The static pressure in the test section was determined with a piezometer
ring having six openings spaced at regular intervals around the section.
The rate of withdrawal of sample was regulated to avoid exceeding the
rate of approach of the stream lines at the point of withdrawal, The
loose fit of the test seetion required that it be positioned vertically
and laterally after each change of vertical or angular position,

The position of the probe was determined to the nearest
0.01 in. The distance in the direction of flow, X, was referred to an
arbitrary datum. At x,= O the probe opening was 36.5 in. below the
exit of the annulus section. The value of x, was determined to the

nearest 0.l in. The value of 8 was determined tc the nearest degree.

Mgzﬁgg of Analysis:s

Point velocities were obtained éy using the sampling probe
as a pitot tube. A micromanometer with a sensitivity of 0,001 in, of
kerosene was used to measure the velocity head. The composition of the
sample was determined by a gas-density measurement using the apparatus

sketched diagrammatically in Figure 4. One of two glass tubes esach of



- -

which had a height of 12 ft was filled with the sample while the other
was filled with alr taken from the flow channel above the point of
entrancé of the gas. After both tubes had been thoroughly flushed with
their respective gases, the valves to the vacuum pump, the air inlet,
and thé sample probe were closed, Since the two tubes were connected
by a horizontal section at the top, the gases were at the same pressure
at that point and the difference in pressure at the bottom of the tubes
was due to the difference in density of the sample and air, This
pressure difference was measured by means of a high sensitivity
micromanometer which is described in Appendix I.

Assuming that mixtures of natural gas and air form.i&eal
solutions, it is easy to show that both the specific weight of a mixture
and the concentration of natural gas in a mixture vary directly with
ihe volume per cent of the gas. If it is further assumed that air and
natual gas obey the perfect gas laws it 1s clear that the volume per
cent becomes identical to the mole per cent, i.e,, |

T =

air Bair c7gas Bogs O = gpecific weight of mixture

= dﬁir - _qg( a:ir - agas) aiir = gpecific weight of pure air
n = Cair crzas = gpecific weight of pure gas
4 aoir - R '
a gas . = volume or mole fraction of
—€ gas
c_=n O° c = concentration of gas in

g€ T& gas g mixture,



The deviation of the components of natural gas and air from the perfect
gas laws is negligible at room temperature and atmospheric pressure,
Since the pressure difference at the bottom of the tubes is directly
proportional to the difference in density of the two gases in the tubes,
it follows that the mole fraction of gas in a sample is equal to the

simple ratio A P /A

air-sample as measured in the analysis

Pﬁir—gas
apparatus,

The tubes of the analysis apparatus were enclosed in a
water jacket which was wrapped with asbestos,to insure that.the gases
in the tubes were at the same temperature, The sensitivity of the
composition measurements was * 0,0003 mole fraction, The sensitivity
of the velocity measurements was + 0.001 in, of manometer fluid, In
both cases the fluctuations due to the turbulence of the air stream
outweighed the uncertaintles due to the methods of measurement by a
considerable margin., In the case of the gas analysis the maximum
gsengitivity of the apparatus was not used because of this. The
analysis apparatus was calibrated each day by a method described in

the Appendix. The measurement of A P, ves made at the

ir-natural gas
beginning and end of each run. In general, this value did not vary by
more than 0,3 per cent during the course of a run, but the variation
" from day to day was as much as 6 per cent, indicating a variation in the
average molecular weight of the gas'of about 3.5 per cent,

The time required to measure the velocity and concentration

at a point by the method described above was very short., A traverse
consisting of twenty points along a radius could be completed in an



hour and a half under favorable conditions,
The velocity and composition data were smoothed by plotting
the points versus the square of the radial positiom, -f— o Slopes taken

s) 2
from these curves were then smoothed with respect to ({5—) and x.
o)

Finally the smoothed slopes were integrated to obtain the recorded
values of Eg and Ux‘ The slopes were taken from large scaie-piots
with the aid of a drafting machine, Integrations were done numerically
by Simpson's rule(15).

DISCUSSION OF EXPERIMENTS

Re 45,000:
A Reynolds number of 45,000 corresponds to a bulk velocity

of 14.4 ft/sec for air and gas flowing through a eylindricel flow

chamnel 6 in, in diameter., The smoothed curves of 1, vs. -%— are shown
o

in Figure 5 and curves of n, vs. (—f—) : are shown in Figure 6, The
experimental data are given in Table ;. The average value ofgg was
0.044. The experimental data for two traverses are plotted in Figure 6
to show an example of the scattering., The smooth composition data

are listed in Table II. The value of the standard deviation* for the

composition data for each traverse is given also in Table II,

* The standard deviation is defined here as

n

2 (@ -n )?
1 ©XPe smoothed
n-1
where n and By are taken at the same value of —%— .

exp smoothed o



. The veloclity profiles are plotted in Figures 7 and 8 against

r
o

in Table III. The experimental data for two traverses are plotted

2
e and (—%—) ) respectively}and the experimental data are listed
' )

in Figure 8 to show an example of the scattering. The smoothed velocity
data are listed in Table IV. The composition and velocity data are
plotted versus x, in Figures 9 and 10 respectively. The vélue of the
standard deviation for the velocity measurements for the first four
traverses is given in Table 1V, The velocity curve for x, = 36 in,

was raised 0.2 ft/sec above the smooth curve drawn through the

experimental points in order to make it agree with the value of

1 2
Jl Uid (—f—) obtained for the other four velocity profiles as
o o

required by the equations of continuity.
The centers of the velocity and composition profiles
corresponded to the geometric center of the channel for the measurements

at a Reynolds number of 45,000, However, the values of the integrals

1 2
j nUd ( --;;-) indicated a constant increase in the fraction of

o &% o
gés flowing in the plane of the traverses, indicating an apprecisble
tangential diffusion due to the existence of gradients in the coordinate
direction normal to the plane of the traverses, The extent of this
cylindrical asymmetry is shown in Table V and in Figure 11, a plot of
U* and B, at constant -f; vs. @ for the top and bottom planes of the
test section, The vertical plane of the traverses was made at @ = + 300.

To approximate the composition profiles which would have

existed in the absence of tangential diffusion, a correction was made
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in the following manner. The curves of _x;g vs, (Fig. 6) are, roughly
speaking, right parabolas with their vertices at the wall of the channel,
A reasonable correction to the composition curves seemed to be one which
would leave the general shape of the curves unchanged and which would,
furthermore, leave the concentration at the center unchanged. The
corrected composition profiles were made to obey the equation of
continuity by equating the average concentration at each traverse to

that at x, = 18 in, Expressed analytically,

o o
1 2 1 2 1
: I = . S B
Smpua Saga() + [ aga(+)
= ‘ nUd (-1-‘-)2
o x Yo xo=' 18 in,

Therefore

2 2
r T
o BX (ro) X, 3 “gx (ro X * 18 in,

S PYT ey pyey

0 o

| an*
Values of K and Ju, are listed in Table VI. n¥ and £
r

(%)




were used in calculating the eddy diffusivity. The magnitude of the
2

corrections to the composition and to the slopes, An_ and 8An /3 (*f—)

g o

did not exceed 7 per cent of the values of B, and Bn g/6 (-—%—) ,
o .
respectively, in the region -f- < 0.7, The effect of these corrections

o
will be discussed later,

Be 82,300:

The composition data taken at a bulk velocity of 26./ ft/sec
are recorded in Taeble VII., Curves calculated by integrating the smoothed
slopes as before are plotted against -f- and (-{}-)2 in Figures 12
and 13 respectively, The smoothed compo:ition dataoare recorded in
Table VIII. Experimentel and smoothed values of U are tabulated in
Tables IX and X respectively. The smoothed values are plotted vs.

- eng ( —;{-—) 2 in Figures 14 and 15 respectively. Velocity and
com;osition a;e Plotted against x  in Figures 16 and 17, The standard
deviations for the velocity and composition traverses are recorded in
Tables VIII and IX respectively. Experimental data for two composition
traverses and two velocity traverses are plotted in Figures 12 and
15, respectively, to show the scattering.

Random fluctuations in the composition and velocity data
taken at a Reynolds'! number of 82,300 were initislly much greater than
for the measurements at a Reynolds number of 45,000, To correct this
condition a séreen havzing triangulsr holes 1/4 in. on a side made of
wires 0.1 in, wide was placed in the flow chennel 4.0 ft above the annulus

exit, The random fluctuations were reduced substantially by the intro-
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duction of the screen, It was found, however, that the mean values of
the composition curves were essentlally unchanged. At this Reynolds
number the centers of the velocity and composition profiles (the center
is used here to indicate the maximum or minimum of the profile)‘ no
longer coincided with the geometric center of the channel but moved
away from the center with increasing value of x 0" At x o =l 36 in. this
displacement amounted to 0.2 in. This warping of the velocity and
concentration profiles is thought to be due primarily to unevenness in
the annulus section, but some of the blame should no doubt be placed
on the lack of symmetry of the Plexiglas section as well,

Figures 18 and 19 end Table XI show the variations ‘ofﬂ Ux
and n, with @ at x, = 6 in, end 36 in, respectively. The cylindrical
asymmetry is much greater then it was at the lower Reynolds number,

The vertical plane of the traverses was again teken at & = +. 30°,

The average value of 2, in this cgse was 0,048 mole fraction,
The values of the integral ‘! _x;g de ( -::—(; ) again showed an increase
w:?.th X The method of correction described above was used to obtain
an ldealized composition, p_‘é‘o Values of K and Ap_g at each traverse are
tabulated in Table XII, and are less than the corresponding values for

Reynolds number 45,000,

Velocity Datse with No Diffusion:
Velocity data taken when no naturel gas was flowing through

the system were recorded in Table XIIT and plotted in Figure 20. They
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indicate that the change in the velocity profile for the two diffusion
experiments is not due primarily to the diffusion of the natural gas,

but rathér to the change in eross sectional area at the entrance to

the plexiglass section, Other disturbances farther up the channel may

also affect the velocities someZwhat. The total flow rate was approximately

the same as for Reynolds number 45,000, so a direct comparison‘can be

made of Figures 7 and 20, In Figure 7 the change of Uax with x amounts overall

to about 1,3 ft/sec, or about 7 per cent of Uy 26 X

5 = 0. This is

somewhat greater than the change in Uﬁax in Figure 20, but may be within
the experimental uncertainty. It should be noted that the change in Umax
for a Reynolds number of 82,300 amounts to about the same numbervof‘ft/sec,

but in this case that represents only 4 per cent of Umax'

THEORETICAL ANALYSIS OF DATA

Bddy Diffusivity:

Consider an element of volume in cylindrical coordinates

situated in a turbulently mixing stream of natural gas and air,

®
¢

NS

dar
Under steady conditions of turbulent flow the rate of accumulation of

gas in the element of volume is zero, and hence the sum of the gradients

of the convective flux of gas and the diffusional flux of gas is zero,



Expressed analytically,

ac

5% = 0 =VCU + V(- g¥C,). (5)
Expending,

x(cgux) T ar( re U ) T ae(c UO)

ac ac acC
& (k) o2&l o) B 5% ])

(5e)
Implicit in writing the above equation has been the assumption of
isotropic turbﬁlence and isotropic eddy diffusivity., However, this
assumption is not necessary in the development of the final expression
for the eddy diffusivity end is made only to simplify the writing of
the equations., Assuming cylindrical symmetry, all derivatives with
respect to @ become zero, In addition, it can be shown experimentally
that the transport of material by diffusion in the direction of the
fiow is negligible in comparison to the transport hy convection, Equation

(52) then becomes

ac
2 l 30 14 —E ,
ax(cgUx) * T ar(r CgUr) *T ar\ T8 TBr ) ¢ (50)
Integrating,

ac
Ze oy - f )
rEy B =T Cgur J r ax(cgUx) dr. (6)
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To evaluate the second term in equation (6), use is made of the equation

of continuity for steady flow in a cylindrically symmetrie stream

2. 1l 38 ; ;
ax(dux) * r 6r(rdur) =0. (7)
Integrating,
F 9
rUUr = - 'of r -a-;(JUx) dr, (8)

Since the order of integration and differentiation is optional,

3 ~
rd"lllr s fo ra'der . (8a)

In the discussion of the method of analysis, the following expressions

vere developed

o] O (s
T =T " _x;g(a‘air - a'g)

Thus, equation (6) can be written

dn
= _ o, f
T ey e - T80 T I r ggder (6a)

' clearly,

n
roU, = -;‘é (rou). (9)
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Substituting in equation (8a),

n T
=.-82
r QgUr T Bn { roU dr (99)
_E_g 3 o f o o° ¥
= -5 P [aair o T der - (o'air - gas) f r ngder]
(9v)
Substituting in equation (62)
r r
a a
?}l_g pv f r ggder - gg % f r der
re =
=D Jr o
O’: ir (10)

The equation is more convenient to handle if the derivatives and
2 _
integrations are made with respect to ( -i- } s wWhere r ° is the radius
0
of the channel,

Obgerving that

2
r 2
2r ro

the equation becomes

2 =] : 2 £ ]2
4 f.?. ° svall-* 2 -n a ..r_° Yo U4 .1:..)2)
ox r =gx r, g Ox r T,
0 o
o Yair 0 (—;—) (10a)
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7The gdvantages of stating the equations in this form are twofold -~ the
derivatives of the composition with respect to the square of the radius
ratio db not go to zero at the center of the channel, see Figure 6, for
example, and also the terms being differentisted with respeét t6 X are
seen tb be simply the avérage values of the respective integrands from
the center of the channel to the point in question, It foilows that

2 [—"—-]2
My [ r 2
2 H °° Lvua .z._) =nU
(r) -0 T =g x T, =g x
ro o]

5

(11)
1 r 2 '
Furthermore, f de ( -;:—) is the average (bulk) velocity in the
- ° ° 1 Y £
Qhagnel, Ux’ a constant, and g _quxd —;;) Ux is the ave?age
velue of p  in the streem, o constent, The vectorkl nature of the
eddy diffusivity issometimes discussed (3), and it should be pointed

D ® the total

out that equation (10a) is actually an expression for g
o -

diffusivity in the r direction,

Eddy Viscogity:
Consider the forces acting in the x direction on an element

~of volume in the stream being treated odt '
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Cylindrical symmetry is assumed, P is assumed independent of r, and the
effect of potential fields is neglected., Writing the first law of

motion for the element,

=2 12 -2
F Dt(fo)rdexdr*rar(7;,xrd9dxdr) ax(Prdexdr)

X
(12)
D 1.9 3P
) = mr 7 ) -5 - - (12a)

The relationship between the shear stress on the element and the rate

of deformation of the element is

: dx
,"' T emm
=" 3,/dr dtdt
»)”/“ / ar
a3
dAr / ’/ rax = 37 dt
! X"
) -3 ad, do
At A . ( 1 2
Tex"5 @l * at) (13)
A *®
au 8u
g -E‘m( or * ox (13a)
U
2.2 3 ,.r a(x=) 8
-3 0% amxTr o Vs 38 (14)

Substituting equations (13a) and (14) in (128) at steady state,

U au
3 X 8 =1 2 g, _x
Ux ax(JUx) * r ar(rdur) r Or ( r g & ar)

au
1 2(:Z )- & (15)
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For the present situation the second term on the left hand side of the
equation and the second term on the right hand side of the equation
were found experimentally to be negligible compared to the other terms

in the equation. Thus equation (15) reduces to

LAt au. :
x .1 2(. 2 ___x) _ 3P |
Uy = "rTalTF & " (152)
Integrating equation (15a) gives,
r (o Uas) r
I rU dr + T oF dr
x Ox Ox
£ = ———2 2 (16)
“m a ﬁUx
L] r———
g or
gir

Since the ratio o never exceeds 1,03 for the flow conditions
studied in these experiments, little uncertainty will result from

2
considering & to be constant. Using the dimensionless ratio (—:‘—.-)

o
again, equation (15) becomes
\ & r1? (& ? 2
e = o _dx + 1 3. {—2) [1:;) Uzd .1;.)
“m aUx aux ox r x r,
4o —=— g > 0
3 (.r_) 3 (_.1;_)
T, T, (16a)
Because the pressure drop along the test section was sco smell, %—-}1: was
estimated from friction-factor data“é).
oM )2
_op P77
ox BT,

£ = 0,044 Re~0*?



This expression neglects the effect of the diffusion on the shear at

the wall, The expression for £, then becomes simply

2 :
2 -2 2 1')
2T T)T 45 [r°J ﬂro 24 (_?_)2)
“=m 511 r 2 dx r x T
4 X Q [¢] (]

(=)
T, (16b)

The second term in Equation (15b) is the derivative with respeet to x
of the average value of the square of the velocity from the centerline
to the point in question, and becomes zero for uniform fiow. Thé

adve.ntage of taking the derivatives of the velocity with respect to

(——-—) can be appreciated by comparing Figures 7 and 8, It should
be not.ed that the value of aU x/a (—-—) does not go to zerc at the

center of the channel,

Discussion of Results:
The total diffusivity and the total viscosity for a Reynolds
number of 45,000 are plotted vs, —:- in Figure 21, The values are
recorded in Tables XIV and XV, respeoctively. On Figure 22 £p and &
for a Reynolds number of 82,300 are plotted against -—:—- and are tabulated
- in Tables XVI and XVII, respectively. The value of D, ?‘or methane in
air is 2.0 x 107% ftz/sec(w) and the value of ¥ is 1.76 x 10°% ft.z/sec“sZ
Img essentially all of the transfer of momentum and material is due

to the eddy terms. The most sensitive function in determining the value

of the eddy diffusivity 1s the rate of change of composition with
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distance along the flow chennel, In general, therefore, the values of
the eddy diffusivity, and also of the eddy viscosity, are.less reliable
at the éxtreme. traverses. The eddy terms are most reliable for values
of —%—-between 0.3 and 0.6, somewhat less reliable near the center, and
least geliable near the wall, The regions of highest uncertainty are
indicated by the dotted curves., This gradation is partly the result of
the correction which was applied to the composition profiles to adjust
for the tangential diffusion and partly a natural consequence of the
averaging effect of the integrals in the eddy terms, As was mentioned
before the corrections applied to Bg and Agg were as high as 7 per cent
at the top and bottom traverses. Because the curves of velocity and
compoaition are quite well defined, this correction represents the
largest uncertainty in the values of the eddy diffusivities. The
values of the eddy viscosity ere not affected by the correction for

the composition, However, the velocity data show more scatter than

do the composition date,and also the value of dP/dx is not well

defined, The uncertainty arising from the other steps between the raw
data and the final values of £p l
and the final values are believed to be within 12 per cent of the actual

and &, is believed to be relatively low,

values for this particular channel. It is extremely difficult, however,
to determine the effect of the particular channel geométry on the values
of the eddy properties. Only 8 diameters of straight section precede
the exit of the anmulus stream, which is not enough to assume the

attainment of normal turbulence In the airstream before mixing begins.
The value of En for a normal turbulent flow of a Reynolds number
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45,000 is 0,020 ftz/éec at -%— = 0.55, and for Reynolds number
o
82,300 it is 0.03% ftz/sec at —%— = 0,55, according to the relation-

o _
ships worked out by Connell, Sechlinger, and Sage(18), which are based

on a velocity-distribution equation and a friction-factor equaﬁion.
Figures 21 and 22 show that these values °f.2m lie at thellower ends
of the ranges found for the two cases studied here., The best>agreement
was found at the upstream end of the test section,

Changes in the eddy diffusivity with distance downstream
were found by Schlinger (loc. cit.) and by Towle and Sherwdod(19).
Schlinger found that the eddy diffusivity decreased with incregéing
distance downstream., His results agree with those reported here in
that he found the eddy diffusivity to decrease with decreasing value of

on
—& Schlinger!s experimental situations were closer to the one presented

ax °

here than was Towle's in one important respect. The rate of change of
density with distance along the center of the channel in Schlingerts
work was also quite appreciable, whereas in Towle's work the change

was quite small due to the low concentrations of his diffusing gas,
Towle studied the case of a point source at the center of a turbulent
cylindrical alr stream, His channel had a straight section 70 diameters
long before the point of injection, He noted a decreage in‘gD with

" x at low values of Reynolds number but an increase in.gD with x at

high values of Reynolds number, Thé change in.gb with x he ascribed to
the disturbing effect of the injectof on the normal turbulence structure,

but his measurements do not include the eddy viscosity, and hence cannot

be checked for the corresponding change in that quantity which would be
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(20) Towle, Sherwood, and

expected, .In a second series of measurements
Seder studied the effect of the introduction of & screen grid in their
flow channel upstream from the injector, The effect of the grid was

to reduce the eddy diffusivity to less than half its original vaiue

when the grid was less than 10 diameters from the injector, The variation
of &p with x was nearly eliminated. The effect of the grid was not

lost until it was more than 40 diameters from the injector, At that

point the change of £p with x was found to be the same as when no grid
was in the stream, A plot of &p vs. Reynolds number given in Towle's
paper gave values about equal to the lowest given at both values of
Reynolds number in the present report, | _

The increase in the eddy visecosity with x observed in the
present work would seem to indicate that the level of turbulence in the
ﬁest section is rising and, as mentioned, the level is sbove that for
uniform flow, It seems quite possible that this change may be due to the
effect of the diffusion of the natural gas. The dependence of the values
of the eddy diffusivity on the value of % g.s very strong. The
tendency of £n to increase with increasing ‘%‘; and to decrease with
decreasing % was also found by Schlinger and, at low values of the
Reynolds number, by Towle, as was mentioned above, However, at higher
. values of the Reynolds number, Towle found the reverse to be true. The
reason for this last discrepancy is not apparent, However, all of the
data mentioned strongly indicate that these eddy properties are influenced
by non=uniformity in the composition of a turbulent stream, In addition,

the present data also indicate that the eddy diffusivity is to a certain
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extent, independent of the eddy viscosity. Thua, the turbulent Schmidt
£
number, = s varies from values greater than 1 to values less than 0.5,

This is radically different from the behavior of the turbulent Prandtl
£ ,
number, EE » which is found to remeain fairly constant, even in non-

-c
uniform flow(e’g).

A qualitative explanation of the relative behavior of the eddy
quantities can be given on the basis of the defining expressions given

before,

= . X Tver
ey = - acg U;pfg (3)

= o0 T
“a =~ B UL, | (4)

The relative change in the value of Ux along the axis of flow near the
center of the channel is considerably less than the corresponding change
in.gg. The change of Ux is due primarily to the shape of the channel
rather than to the diffusion of the gas, judging by the velocity profiles
of Figure 20, wherein no diffusion is taking place. Thus, U; might be
expected to change much less than gé along the direction of flow, and
gé can reasonably be expected to go through & maximum when the value of
' gg is changing most rapidly in the direction of flow,

The definition of eddy diffusivity developed by Taylor (loc.
cit.) differs somewhat from that given above. His theory is expressed
in terms of a correlation coefficient, R, between the fluctuating velocity

ot

H in a specified direction at any instant and its velocity Ui an instant

t
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later:

R= U_thUyUf (16)

where the bars indicate a time average and Uiz is the mean squére value

of Ui. Taylor thus showed the following relation to exist:

ar/at = 2 12 [ Rat (17)
Q

where Y is the distance traveled by a particle in the direction i in
time t and Y2 is the mean square of Y for a large number of particles.
If the fluid is moving with an average velocity in the direction x of
Ux’ then t can be replaced by %—.

x

For large values of x, the correlation coefficient R becomes

x
zero, Then % S' Rdx is a constant and equation (17) can be written
x5 _

g‘-f.:: ‘—-2‘ )
o S 2 ?JK; (18)

where Y = r‘ Rdx for values of x so large that R = 0, Thus, when the
. (s
scale of observation is large compared to the scale of the eddies,

turbulent diffusion becomes a contimious process, as is molecular
diffusion, and an expression for the eddy diffusivity analogous to that

© for the molecular diffusivity can be written:
. ay?
D% & (19)

(=}

£

It follows that, by Taylorts theory,
2 D x
1 ———
Ui =

" (20)
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X is really & characteristic of the scale of turbulence in the channel,
By association with the eddy viscosity, Uiz has been assumed to vary
comparatively little with x. Thus, in the present situation the scale
of turbulence would have to increase remarkably in order for équation

(20) to be obeyed. Since this seems unlikely it must be concluded

that Taylorte theory does not adequately describe the situation.

Conclusionss

The behavior of the eddy properties found here is not
predicted by any of the current theories of turbulent flow, The large
variation in the value of the turbulent Schmidt number raises the
question of ﬁhe validity of the assumption of the equality of £ and €,
which is frequently made(lg). A thorough investigation of € for

a®") | oula

uniform flow, expanding the work of Woertz and Sherwoo
perhaps be of greatest interest because of the large amount of careful
work which has been done in determining the eddy conductivity in
uniform flow. An investigation of the transfer of energy in a non=-

~uniform, steady state situation anslogous to the one studied here

would be equally valuable,



NOMENCLATURE

Latin Letters:

Concentration of A, lbs/ft>.

8
at

Fick diffusion coefficient, ft°/sec.

Operator = + U eV
One form of the Maxwell diffusion coefficient, ftz/sec.
Fanning friction factor.

Force in the x direction.

Accelleration due to gravity = 32.2 £t/sec?.

A property of the flowing system.

Composition correction coefficient,

Weight rate of flow, lbs/sec £t7,

' Mole fraction natural gas.

Correction added to composition.
Corrected composition.
Pressurs, lbs/ in°,

Radial coordinate.

- Distance from the wall to the point of the minimum concentration of gas.

Fluctuating velocity correlation coefficient.

time, secs.

Velocity in the direection of the i coordinate.

Time average velocity.

Average velocity in the direction of the i coordinate.
Maximum velocity in the plane of a traverse.

Axial coordinate.



NOMENCLATURE (cont.)

Xq Distance in the direction of flow from an arbitrary datum,
pd Scale of turbulence characteristic.
Y Distance traveled by a particle in direction i and time t.

Greek Letters:
Angular distortion.
Total conductivity, £t°/sec.
Eddy diffusivity, £t/sec.
Rddy diffusivity, £t%/sec.
Eddy viscosity, £t/sec.
Total viscosity, £t°/sec.
Azimuthal.coordinate.

- Kinematic viscosity, °/sec.

Specific weight of fluid, 1lbs/ft>.

\\qtmémsmémuménx

Shear, 1bs/ft°.

Dimensionless Numbers:

2roﬁx
Re Reynolds mamber, -—5 .
| r 4 £
Sc Turbulent Schmidt number, = .
= 0
Pr  Turbulent Prandtl number, Em .,
&
Superscripts:

t
Fluctuating component,

Time averaze or integrated average.

0 Pure substance.
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TABLE I

EXPERIMENTAL DATA FOR Re 45,000 - COMPOSITION

Probeit Mole Fraction Natursal Ges, n
Pogition “g
(inches) x,=0 x =9 in, x, = 18 in, x, = 27 in. X, = 36 in,

5.95 0. 0801 0.0713 0.0651 0,0621 0.0620
5.80 0.0765 0.0700 0.0651 0.0621 0.0601
5,60 0.0726 0.,0661 0.0632 0.0618 0,0588
5.40 0,0655 0.0613 0.0613 0.0595 0.0558
5.20 0.0596 0,0577 0.0574 0.0566 0.0555
5.00 0.0548 0.0535 0.0544 0.0531 0.0530
4,80 0.0441 0.0464 0.0486 0.0501 0.0503
460 0.0340 0.0386 0. 0434 0.0456 0,0459
4o b0 0.0288 0.0334 0.0379 0,0427 0.0439
4eR0 . 0.0191 0,0275 0.0327 0.,0395 0,0403
400 0.,0152 0.0204 0.0292 0.0349 0.0360
3.80 0.0097 0.0149 0.0230 0,0317 0.0340
3.60 0.0065 0,0117 0,0207 0.0285 0.0308
3.40 0.0039 0.0081 0,0169 0,0269 0.0295
3.20 0.0016 0,0068 0.0149 0.0246 0.0285
3.00 0.0013 0.0062 0,0152 0.0230 0.0269
2.80 0,0026 0.0062 0.0156 0.0236 0.0275
2.60 0.0032 0.0097 0.0172 0.0259 0.0310
2,40 0.0045 0.0107 0.0211 0.,0313

0.0282

#The walls of the flow channel are at probe positions 0.00 and 6.00 inches.
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TABLE I

SMOOTHED DATA FOR Re 45,000 - COMPOSITION

Mole Fraction Natural Gas, _r_x.g

(-f;—z X0 x,=91in, x =18in, x =27in, x_ = 36in,
0.0 0.0014 0.0062 0.0145 0.0225 0.0275
0.1 0.0141 0.0193 0.0264 0.0320 0.0355
0.2 0.0265 0.0312 0,0365 0,0403 0.0425
0.3 0.,0376 0.0413 0.0449 0,0467  0.0479
Oule 0.0476 0.0495 0,0511 0.0519 0,0519
05 0,0563 0.0563 0. 0561 0.0568 040550
0.6 0,0636 0,0615 0.0600 0,0586 0,0572
0.7 0,0695 0.0656 0.0628 0.0606 0,0586
0.8 0,0738 0. 0684 0. 0647 0,0618 0.0595
0.9 0,0765 0.0701 0,0657 0.0626 0,0599
1.0 00774 0.0706 0,0661 0.0629 0.0600

Sd.1* o.0015 0.0008 0,0007 0.0014 0.0009

# Defined here as

g 2
; (o - n )
-geg_:p. “Esmoothed

n-1

where n and p are taken st the same value of f—.
gexp. S smoothed o
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TABLE III

EXPERIMENTAL DATA FOR Re 45,000 - VELOCITY

Velocity, U_, £t /see

Probe*
Position
(inches) x, =0 x =9 in, X, = 18 in, x, = 27 in, x, = 36 in,
595 10.4 10,6 11,0 10.9 _ 11,1
5.80 1.4 11.8 12.1 12,1 12.4
5.60 12.2 12.8 13.0 1361 13.2
5.40 13.2 13.5 13.8 13.8 - 13.6
5420 14.1 1441 14.3 14,2 14.1
5.00 14.8 1447 1447 14.8 14.7
4480 15.5 15.4 15.4 15.4 15,2
460 1644, 16.1 16,0 15,8 15,5
4e40 17.2 16,7 16,4 16,3 ' 15.9
4420 17.7 17.4 16.9 16.8 16.4
4,00 18,2 17.9 17.5 17.3. 16.7
3.80 18,6 18,4 17.9 17.7 17.1
3.60 19,0 18,8 18,3 18,1 17.3
3.40 19,1 19,1 18,6 18,2 17.6
3.20 19,2 19,2 18.8 18.4 17.8
3.00 19,3 19,2 18,9 18,5 17.9
2.80 19.3 19,2 18,8 18,4, 17.8
2.60 19,2 19,1 18,8 18,3 17.6
2.40 19.1 18.8 18,5 18,1 17.4

#The walls of the flow channel are at probe positions 0.00 and 6.00 inches.
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TABLE IV

SMOOTHED DATA FOR Re 45,000 - VELOCITY

Velocity, U_, ft/sec

2
r = .8 = = . -
(?-;-) X, = 0 e 9 in, X 18 in. o 27 in. X 36 in,
0,0 19441 19.15 18.84 18.45 18,06
0.1 18,35 18.00 17.69 17.40 17.10
0.2 17.28 16.94 16.68 16.47 16432
0.3 16,24 15,98 15,83 15,73 15,68
0.4 15,28 15,16 15,13 15,12 15,14
0.5 14441 1444 14,53 14.57 14.65
0.6 13,63 13.29 13.95 14.04 14.15
0.7 12.89 13.15 13.36 13.50 13.63
0.8 12,15 12.45 12,70 12,92 13.10
0.9 11,26 11,52 11,78 11,98 12,22
1,0 0 0 0 0 0
std. |* '
Dev. 0'12 0.08 0011 0008 had
* Defined here as
n
2_(11 -u )2
xexg. fgmoothed
n-1
where U and U are taken at the same value of .
x T
eXp. amoothed o]
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TABLE XIII

CHANGE OF VELOCITY WITH DISTANCE DOWNSTREAM IN THE ABSENCE OF
DIFFUSION - EXPERIMENTAL DATA

Probe Velocity, U, £t /sec
Position
(inches) X, = 0 x, = 18 in, X, = 36 in,

5.95 11,2 11.7 11,7
5.80 12,6 12.9 13,1
5.60 13.6 13.9 1440
5.40 1he4 14.7 4.8
5.20 1544 15.4 154
5.00 16.3 15,9 16.0
480 17.0 16.5 16.5
4460 17,7 16.8 16.7
440 18,3 17,5 17,0
4420 18,6 7.7 174
4.00 18,9 18,0 17.6
3.80 19.1 18,2 17.8
3.60 19,2 18.4 17.9
3.40 19.2 18,5 18.0
3.20 19,2 18,6 ' 18,1
3.00 19.2 18,8 18,2
2.80 19.2 14.8 18,3
2,60 19,1 18,7 18,3
2,40 19,0 18,6 _ 18,2
2.20 18.7 18.5 18,1

#The walls of the flow channel are at probe positions 0.00 and 6.00
inches,
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Figure 3 - The Interior of the Test Section
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APPENDIX
A MICROMANOMETER OF HIGH SENSITIVITY

An extremely sensitive micromanometer was made on the-
principle first mentioned by Henry''*) and similar to the tilting
micromanometer described by mer(ZA). In principle the instrument
is very simple. The legs of the manometer were conmnected by a pre-
cision bore capillary tube which was horizontal and in whichwas
placed a bubble of air. The movement of the meniscus in one of the
manometer legs was thus multiplied by the ratio of areas of the leg
and the capillary. As shown in the diagram of Figure 1A, this
manometer was built with three sets of legs of different sizes for
varying sensitivity. The legs were nominally 1, 2, and 3 in, in
dismeter, The inner dismeter of the capillary was 0,120 iﬁ. The
lovwest sensitivity was 2 x 10-5 in, of manometer fluid, the highest
was 2 X 10"'6 in, The manometer legs were set in a brass box which
was filled with water and insulated with an inch of "styrofoam"

‘on four sides and the bottom, The water was agitated with a

stirrer while measurements were being made in order to minimize
temperature gradients in the manometer fluid, The position of

the bubble was determined with a small microscope attached to a vernier
caliper having a preeision of 0.001 in, Figure 24 1s a picture of

the micromanometer and the lower part of the tubes of the gas analysis

apparatus,



- -

The micromanometer was calibrated using pure oxygen, nitrogen,
and methane in the analysis apparatus described in the text. The
movement of the bubble was found to be linear with pressure difference,
and the pressure diffe;ence observed agreed with the value caiculated
from the dimensions of the micromanomeﬁer and the height of the tubes,
The calibration procedure was repeated each day. No chaﬁge was
obgerved.

The micromanometer is not without its idiosyncrasies, and
extreme care must be exercised in using it. In addition to its
temperature sensitivity, it registers each slight change in position
and hence should be placed on an extremely stable base such as a
platform of cinder Hocks set on a concrete floor.

The qualities to look for in the choice of a manometer
fluid are low viscosity, low volatility, high surface tension and,
above all, a liguid which does not dissolve stopcock grease, This
rather improbable combination of properties is most neérly met by
methyl alcohoi. In a glass capillary tube coated with a silicone
preparation such as Beckmen "Desicote", the wall is not wet Ey the
aléohol and flow past the bubble 1s negligible,

This micromanometer is preferable to the tilting type
primarily because of its much lower cost(zA). Experience has indicated
that drift of the bubble past its initial equilibrium position after a
reading is usually traceable to a leaky stopcock or a shift of the base
when the drift amounts to more than 0.1 per cent of the reading, Hence,

the sensitivity of the instrument is comparable to that of the more



elaborate instruments; 

The design of the manometer could be improved in the following
ways. Rgplacing the one millimeter stopcocks with two millimeter
cocks, which are less prone to leakage; providing better access to
the capillary, since the rate of solution of air in the alechol fequires
replacement of the bubble every day or two; providing a pressure
range just one factor of ten below that of the standard micfomanometer
and eliminating the present set of legs which are half way between
the upper and lower range of the instrument., Only one large bulb is
needed on one side of the capillary, so the three pressure ranges

suggested could be obtained with four bulbs.
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The following report was written in conjunetion with D.M; Mason
and B,H. Sage, and has appeared as Progress Report No., 20-187 of the
Jet Propulsion Laboratory of the California Institute of Technology.
The work was done under Contract No. DA-04=495-0Ord 18, Department of

the Army Ordnance Corps.
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ABSTRACT

The optical absorbance of the liquid phase of mixtures of nitric acid, nitrogen dioxide,*
and water was measured at 32°F at wavelengths of 500 and 425 mp. At the longer wavelength
compositions containing 0.8 or more weight fraction nitric acid were studied. At the shorter
wavelength the compositions were limited to a minimum weight fraction nitric acid of 0.93. The
results indicate that the absorbance varies linearly with the weight fraction nitrogen dioxide at
small concentrations of this component. The optical absorbance appears to be a useful intensive
property of the liquid phase to be employed as an aid in determining the composttwn of the
ternary system.

. INTRODUCTICN

-The- optical absorbance of the liquid phase of mixtures of nitric acid, nitrogen dioxide,
and water is of practical interest in connection with analyses of this system. The presence of
nitrogen dioxide is responsible for most of the optical absorbance experienced and thus affords
a means of estimating the quantity of nitrogen dioxide in the phase without the ‘need for more
complex chemical techniques.

Only limited studies of the optical absorbance of the nitric acid--nitrogen dlox1de-—water
system have been made. Hall and Blacet (Cf. Ref. 1) investigated the absorption spectra of
nitrogen dioxide, and Dalmon and Freymann (Cf. Ref. 2), the absorbance of the nitric acid--water
system at wavelengths from 950 to 1050 my. White (Cf. Ref. 3) employed infrareéd absorption in
determining the composition of commercial samples of fuming nitric acid. Because of the limited
background of available experimental data, measurements of the optical absorbance of the nitric
acid--nitrogen dioxide--water system were made at 32°F for wavelengths of 500 and 425 my. The
compositions investigated at 500 my contained a maximum of about 0.25 weight fraction of nitro-
gen dioxide and 0.15 of water. All measurements were carried out at atmospheric pressure. -

At the shorter wavelength of 425 mp, the compositions were limited to a maximum of
0.008 weight fraction of nitrogen dioxide and 0.01 weight fraction of water, This narrow range of
compositions was investigated in sufficient detail to give insight into the ionization of nitrogen
dioxide in substantially pure nitric acid and to ascertain the extent of ionization of nitric acid.

At 500 my for mixtures containing less than 0.03 weight fraction of water it is possible
to employ the optical absorbance and the electrical conductance as means of determining the
relative quantities of water and nitrogen dioxide in commercial samples of nitric acid. At higher
weight fractions of water the use of a dilution technique (Cf. Ref. 4) appears desirable.

*The term nitrogen dioxide is used to designate equilibrium mixtures of nitrogen dioxide
and nitrogen tetroxide.
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Il. DESCRIPTION OF EQUIPMENT AND METHODS

The optical absorbance was measured with a commercial spectrophotometer (Cf. Ref. 5)
which was modified to permit the transmission cell to be maintained at 32°F by immersion in an
ice bath. The relative optical absorbance (or, for brevity, the absorbance) is defined as -log
(I/I), where I is the intensity of light transmitted by the reference blank of air, and [ is the
mtensnty transmltted by the sample.Figure 1 is a photograph of the transmission cell and stirrer.
Both the stirrer and the hypodermic syringe for adding nitrogen dioxide entered the cell through
holes in the cap. Inside the stirrer was a three-junction, copper-constantan thermocouple for
measuring the temperature of the contents of the transmission cell.Potentials of the thermocouple
were determined by means of a potentiometer with a sensitivity of 10 pv. The temperature of the
cell was 32°F with a standard deviation of 0.1°F'. v

Figure 2 is a photograph of the hypodermic syringe used for adding nitrogen dioxide.The
position relative to the cylinder was determined by means of a micrometer screw. Jacket temper-
ature was maintained by circulation of alcohol at a temperature within 0.1°F of 32°L". Calibration
of the injector indicated that the nitrogen dioxide was added with an uncertainty less than 0.005
gram, which corresponded to 0.5 per cent of the weight of nitrogen dioxide.

In studies of the effect of nitrogen dioxide when present in small weight fractions, a
mixture of nitric acid and nitrogen dioxide was employed in the glass injector. This mixture
containing 0.03 weight fraction of nitrogen dioxide was used to introduce the requisite amount
of nitrogen dioxide with an error of less than 1 per cent of the quantity added.

Figure 3 shows the Corex transmission cell in position on the spectrophotometer The
housing for supporting the stirrer and syringe is not included.

The absorbance of mixtures of nitric acid and nitrogen dioxide was studied semiquanti-
tatively as a function of wavelength to ascertain appropriate frequencies for detailed investiga-
tion. These exploratory results are shown in Figure 4 and should be considered only as indicative
of the trends in behavior. From these data wavelengths of 425 and 500 my were selected as
allowing the full range of the spectrophotometer to be used for the compositions of systems to be
studied. At these wavelengths the absorbance could be reproduced with the spectrophotometer
with an error of 0.25 per cent. Duplicate measurements at a wavelength of 500 mp indicated a
reproducibility of results within 0.001 weight fraction of the components for the range of compo-
sitions investigated.

Il.  MATERIALS

The nitric acid was prepared by vacuum distillation at a temperature of approximately
100°F from a mixture of pure potassium nitrate and concentrated sulfuric acid in accordance with
the procedure described by Giauque (Cf. Ref. 6). Titration of a diluted sample with sodium
hydréxide indicated that the sample contained less than 0.001 weight fraction of material other
than nitric acid.

Nitrogen dioxide was obtained from the Allied Chemical and Dye Corporation and was
fractionated in a column provided with sixteen glass plates. The central 70 per cent portion of
the overhead was dried over phosphorous pentoxide. Samples prepared in a similar fashion from
the same stock yielded less than 0.2-psi change in vapor pressure with a change in quality from
0.02 to 0.5 at a temperature of 160°F. The water employed in thls study was de-aerated distilled
water which was not otherwise especially purified.

Foge—i
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IV.  RESULTS

The experimental measurements of absorbance at 500 mu and 32°F for series A through
J are recorded in Table | and those at 425 mpy for series A through F in Table II. The data were
smoothed with respect to composition. Weight fractions of nitrogen dioxide for even values of
absorbance and weight fractions of water are recorded in Table III for a wavelength of 500 mp
and in Table IV for a wavelength of 425 mp. A portion of the ternary-composition diagram for
the nitric acid--nitrogen dioxide--water system is shown in Figure 5. It is apparent that the
variation in absorbance with composition at 500 my is relatively regular, and nearly all of the
absorbance results from the presence of nitrogen dioxide in the liquid phase. This behavior is
indicated by the similar effect upon the absorbance of a change in the weight fraction of nitro-
gen dioxide for a number of different values of the weight fraction of water in the phase, as
shown in Figure 6. However, a linear change in absorbance with weight fraction of nitrogen

. dioxide was not realized. The behavior is more complex at compositions near the nitric acid--
nitrogen dioxide system where the absorbance for small weight fractions of nitrogen dioxide
reaches a minimum as the quantity of water is increased. Such behavior may be explained by
the predominance of different ionic species (Cf. Refs. 7 and 8) at small and large weight frac-
tions of water.

The corresponding behavior at a wavelength of 425 mp is shown in Figure 7. These
data, which were based upon the measurements recorded in Table II, are limited to compositions
containing less than 0.01 weight fraction of nitrogen dioxide. The behavior is similar to that
found with the longer wavelengths except that the variation of the absorbance with composition
is more pronounced. Such behavior is also evident from a consideration of Figure 4.

A limited number of measurements at 425 my of the absorbance of the nitric acid--
nitrogen dioxide--potassium nitrate system were made, and the experimental data for series 4
through C are recorded in Table V. The smoothed data are presented in Table VI. The smoothed
results for this ternary system are shown in Figure 8. An increase in the weight fraction of
potassium nitrate increased the absorbance at a constant weight fraction of nitrogen dioxide. In
the range of concentrations shown, there is a linear relationship of absorbance to the weight
fraction of nitrogen dioxide. The information upon the nitric acid--nitrogen dioxide—-potassium
nitrate system is limited and was obtained primarily to ascertain the comparative effects of
water and potassium nitrate upon the change in absorbance with increasing amounts of nitrogen
dioxide. -

V.  DETERMINATION GF COMPOSITION

Dilution techniques have been employed in determining the composition of the nitric
acid--nitrogen dioxide--water system from conductivity measurements (Cf. Ref. 4). The combina-
tion of the absorbance and the electrical conductivity affords a means of establishing the
composition without the need of dilution except for ranges of composition where the same values
of absorbance and electrical conductance are obtained for two compositions. The interrelation
of electrical conductance (Cf. Ref. 9) and absorbance at a wavelength of 500 myu is shown in
Figure 9. As a result of the double intersections of lines of constant absorbance and constant
electrical conductance, dilution techniques must be employed for that range of composition
where double intersections occur. The relatively simple relationship of absorbance to the weight
fraction of nitrogen dioxide makes this intensive property particularly useful in determining the
weight fraction of this variable in fuming nitric acids. The details of the methods of calculating

Pogess



-87 -
Progress Report No. 20-187 Jet Propulsion Laboratory

compositions from dilution techniques are simple (Cf. Ref. 4), and an example is presented in

the Appendix.

VI.  CONCLUSIONS

The absorbance of light at a wavelength of 500 my. provides a simple method of analysis
of commercial fuming nitric acids which is particularly effective in determining the weight
fraction of nitrogen dioxide. The absorbance yields a somewhat simpler relationship to compo-
sition than was obtained for the electrical conductance, and for this reason it is more useful
in determining by dilution techniques the weight fraction of water and nitrogen dioxide in the
sample. The combination of optical absorbance and electrical conductivity affords a convenient
means of direct analysis of fuming nitric acid containing less than 0.03 weight fraction water
since the same values. of absorbance and conductivity are not found for acids of two different
compositions in this range of weight fractions of water.
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TABLE 1V

Jet Propulsion Laboratory

ABSORBANCE? AT 425 mp FGR THE NITRIC ACID--NITROGEN
DIOXIDE--WATER SYSTEM AT 32°F

ALsorbanée

Nitrogen Dioxide (wt frac)

for 0.00 for 0.00300 for 0.00600

wt frac wt frac wt frac
water water water

0 0 0 0 ‘
0.200 0.00093 0.00102 0.00111
0.400 0.00185 0.00204 0.00220
0.600 0.00277 0.00305 0.00331
0.800 0.00369 0.00406 0.00436
1.000 0.0C462 0.00507 0.00540
1.200 0.00554 0.00604 0.00642
1.400 0.00647 0.00705 0.00741
1.600 0.00743 0.00804 0.00842

#Absorbance is defined as -log CI/IO).
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Jet Propulsion Laboratory

TABLE VI

ABSORBANCE?® AT 425 mp FOR THE NITRIC ACID--NITROGEN
DIOXIDE--POTASSIUM NITRATE SYSTEM AT 32°F

Nitrogen Dioxide (wt frac)

Absorbance for 0.02000 | for 0.064G00
wt frac wt frac
Potassium Potassium
Nitrate Nitrate
0 0 0
0.200 0.00072 0.00058
0.400 0.00144 0.00120
0.600 0.00216 0.00185
0.800 0.00292 0.00244
1.000 0.00365 0.00310
1.200 0.00440 0.00373
1.400 0.00511 0.00433
1.606GC 0.00583 0.00495

®Absorbance is defined as -log (I/Io).
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Figure 1. Transmission Cell and Stirrer with Thermocouple

Figure 2
Details of Syringe
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[Migure 3. Transmission Cell in Position upon Spectrophotometer

2.0 ‘ ' ‘
0.01 wt frac NITROGEN DIOXIDE

002 wt frac NITROGEN DIOXIDE

16 0.10 wt frac NITROGEN DIOXIDE
0.20 wt frac NITROGEN DIOXIDE
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Figure 4. Semiquantitative Effect of Wavelength upon Absorbance of Mixtures
of Nitric Acid and Nitrogen Dioxide at 32°F
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NITRIC ACID
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Figure 6. Absorbance of the Nitric Acid—Nitrogen Dioxide--Water
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Figure 7. Absorbance of the Nitric Acid--Nitrogen Dioxide--Water System at 425 mp
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Figure 8. Absorbance of the Nitric Acid--Nitrogen Dioxide--Potassium Nitrate System at
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APPENDIX
A POSSIBLE METHOD OF ANALYSIS

It can be shown (Cf. Ref. 10) that on a triangular, ternary diagram the composition of a
- solution obtained by mixing two liquids of compositions 4 and B must lie on a straight line

connecting these points. If a measured quantity of acid of known composition is added to an
established weight of acid of unknown composition, the points representing the composition of
the original unknown, that of the resulting mixture, and that of the acid of known composition
must lie on a straight line on a triangular, ternary composition diagram. A unique solution of a
material-balance equation for any one component can be found by taking compositions on a line
that is drawn from the point of known composition and intersects the lines representing the ab-
sorbances of the original sample and the final mixture. The composition of the unknown is thus
established where the line giving the unique solution to the material balance intersects the con-
tour representing the absorbance of the unknown.

For example, if M grams of the unknown are weighed into an optical cell and found to
have an absorbance 4 at 500 mp and 32°F and if ¥ grams of a mixture containing 0.90 weight
fraction of nitric acid and 0.10 weight fraction of water are weighed into the cell and the resulting
solution has an absorbance B, the composition of the unknown may be calculated in the fellowing
way:

Let a be the weight fraction of nitrogen dioxide in the unknown and f3 be the weight
fraction of nitrogen dioxide in the mixture after dilution of the unknown with the standard acid..
Since the total quantity of nitrogen dioxide is not changed by the dilution, it follows that

afM) = B(M + N) (A-1)
a M+ N (A-2)
B M

In the following procedure line 1 is drawn from the point corresponding to 0.1 weight
fraction of water and 0.9 weight fraction of nitric acid as shown in Figure A-1, and the weight
fraction of nitrogen dioxide may be read at the intersections of the line with the contours of
constant absorbance A and B. The ratio of the weight fractions of nitrogen dioxide may be taken
and compared with the ratio, (M + N)/M. This trial procedure is repeated until a line is found
where the ratio of weight fractions of nitrogen dioxide at the intersections of the line with contour
A and B is equal to (M + N)/M. The composition of the unknown acid is that at the intersection
of the line and the absorbance contour 4. :

The method described permits the composition of an unknown to be determined with an
uncertainty of 0.001 in the weight fraction of the components. A standard acid of any known com-
position may be used if Equations (A-1) and (A-2) are suitably modified. The described diluent
acid is suggested because of its stability when stored out of contract with light.
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Figure A-1. Graphical Analysis of Composition of Nitric Acid--Nitrogen
Dioxide--Water Samples Using Absorbance Data
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ITI B - FOREWORD

The following report was written in conjunction with D,M, Mason
and W,H, Corcoran as Ms., 2644 of the Chemical Engineering Labofatory.
The data are taken from Part II A and the report has been forwarded to
the Jet Propulsion Laboratory for publication in form of a progress

report,
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INTRODUCTION

Althoﬁgh Raman-gpectral (1,2), conductance (3,4), and cryoscopic
(5) measurements have given evidence of the existence of nitrosonium
(Nd+) and nitronium (Nég) ions, it was believed desirable to obtain
further information about the existence of these lonic species. Use
of another physical property such as optical abserption was thought to
be a possible approach to the determination of the extent of their
presence in solutions of nitrogen dioxide and nitric acid. The optical
absorbance” at 425 n/ was selected as a means of analyzing.the solu-—
tions sinee it was believed that at this wave length the nitrogen dioxide
molecule could be assumed to be the only absorbing species. Two ternary
systems, nitric acid-nitrogen dioxide-water and nitric acid—nitrégen
dioxide~-potassium nitrate, along with the binary system, nitric acid-

nitrogen dioxide, were used in the absorbance measurements.

Defined here as -log I/I, where I, is the intensity of light trans-
mitted by a reference blank of air and I is the intensity of light
transmitted by the sample.
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EQUIPMENT AND METHODS

The eqﬁipment used and the procedures followed have been described
in detail in a previous report (6). The absorbance of light was meas—
ured with a Beckman model DU spectrophotometer modified to allow the
cell to be placed in an ice bath. The concentration range studied was
from zero to 0.8 per cent nitrogen dioxide by weight. Samples were
prepared by adding volumetrically a three per cent solution of nitrogen
dioxide in acid to pure acid in small increments by means of a hypo-
dermic syringe., The weight of nitrogen dioxide added was known with a
maximum uncertainty of 0.5 per cent. The absorbance readings were re-
producible within * 0.3 per cent.

_ RESULTS

Figure 1 and Table II show the effect of small amounts of water
and potassium nitrate on the absorbance of solutions of nitrogen
dioxide in nitric acid. The experimental data were also previously
recorded (6)., In the analysis presented here the formal concentrations
were obtained by assuming zero partial specific volumes of potassium
nitrate and nitrogen dioxide in nitric acid. The partial specific
volume of water was taken as its specific volume in the liquid state at
32° F. A value of 96,329 pounds per cubic fool was used for the specific
weight of pure nitric acid at 32° F, Volumetric data for the nitric
acid-nitrogen dioxide-water system were available (7), but for the small
concentrations of nitrogen dioxide and water in the nitric acid, the

approximation used here appeared acceptable,



Qualitatively, the absorption behavior is what would be expected
by assuming that the absorptien is due solely to the nitrogea dioxide
molecule, Further, the following equilibria, which were first proposed
on the basis of Raman spectra (1,2), appear to be in accord with the

data:

aNop == NOT + N0,

(1)
2 Hwo, == NO; + NOy + 1.0 (2)
#o +H#woy = H;0" +r NO~ -

Reaction (2) is presumed to predominate over reaction (3) in acid con~
taining less than three per cent water whereas the reverse is presumed

- true when the concentration of water is greater than this. Qualitatively,
this seems to be ‘the case, as shown'by conductivity measurements (3,4),
freezing point measurements (5), and absorbance measurements (6). GCon-

sidering only reactions (1) and (2) it is seen that the addition of
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potassium nitrate will shift the equilibrium shown in reaction (1) to
the left, inecreasing the concentration of nitrogen dioxide and thus
the absorbance for a given formal concentration of nitrogen dioxide,
On the other hand, the addition of small amounts of water will drive
reaction (2) to the left, reducing the concentration of nitrate ion
and giving more nitric acid. By a reduction in the concentfation of
the nitrate ion, more nitrogen dioxide will dissociate according to
reaction (1) and thus reduce the absorbance for a given formal concen-
tration of nitrogen dioxide.

In the above considerations it was assumed that the nitrogen
dioxide molecule was the only species absorbing light at the wave
lengths of the measurements. ‘It is known (8) that nitrogen tetroxide
does not absorb at these wave lengths when in the gas phase and hence
is not likely to absorb in the liquid phase. Nitrosoniun, thé only
other ion not present in pure nitric acid, has an even number of elec-~
trons and forms a colorless crystalline perchlorate and bisulfate the
solutions of whiéh in sulfuric acid are also colorless, Hence it would
not be expected to absorb light in the visible range in solutions of
nitric acid. Since the nitronium ion, nitrate ion, and the water mole-
cule are present in pure nitric acid, which is colorless, these species
‘may also be considered colorless,

Calculations using the absorbanée data as a basis were made to
establish the values of the dissociation of nitrogen dioxide and nitric
acid according to equations (1) and (2) respectively. They were to be

compared with guantitative data obtained from cryoscopic measurements (5,9)
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and Raman spectra (2,10)., In the calculations the following equilib-

rium expressions were used:

_ [worjLme] |
K: L/Voa]z. (4)

LNeS]LNG 4,0
B [Hvo, T | (5)

K,

In the use of these equations it was assumed that the activity coeffici-
ent for éach specles was independent of concentration.

To develop the necessary equations for application of the equilib-
rium constants in order to establish the dissociation of the nitrogen
dioxide and nitric acid, use was made of data shown in Figure 1. For
one set of calculations at a given absorbance, data were taken from
three curves. The curve for pure nitric acid was used in each instance
aldng with any two other curves., For any arbitrary value of thé absorb-
ance in the range of PFigure 1, assuming that the nitrogen dioxide molecule
is the only color absorbing species, the following typical relationship

‘may be written:

[NO:] = [No,] = [NO:] (6)
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In this equation the subscripts designate the selected curves inter-
sected by the line of constant absorbance. Combining equation (6)
with equations (4) and (5) gives six simultaneous equations with six
unknowns which are the values of the dissociation of nitric,acidfand
nitrogen dioxide according to equations (1) and (2). 1In this treatment
the quantity r s bhe disscciation of nitric acid according to
equation (3), was neglected as it was considered small in the calcula~
tions compared to X and /S when less than three per cent water
was present (3,4,5). |
The six simultaneous equations were solved by trial and error for

be and ﬁ?‘ s the dissociations of nitrogen dioxide and of
nitric acid respectively in mixtures of the two. Values were obﬁained
at absorbances of 0,600, 0,900, and 1.200, All combinations of the
curves shown in Figure 1 fitting the described procedure were used in
the calculations so that six values of C[b and ﬂﬁ; were obtained
at each absorbance. It was found that the results were’#ery sensitive
to the relationships between absorbances and concentrations. A summary

of the calculations is given as followss

. =2 —a

Absorbance a, o /fi g
0,600 0.68 0.32 0.043 0.024
0,900 0.69 025 - 0.045 0.018
1.200 0.71 , 0.27 0.48 0.021

a Average of six values, In each group of six one value for Oy was
greater than 1.0, Since 1.0 represents complete ionization, it was
taken as the maximum allowable value; and where necessary 3y Vas
accordingly corrected.
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To determine the validity of assuming 7 small with respect
to A and. <4 s additional equations were developed by using four
curves in Figure 1 for a given analysis. Values of X and 5 ob-
tained as a first approximation in the simplified case were used in
solving for 7. ‘It was found that 7 was practically zero,
giving a corresponding value of zero for K3. The original assumption
in regard to J~ thus appeared valid.

Values for the dissociation of anhydrous nitric acid according
to equation (2) have been reported in the literature. Using cryoscopic
techniques, Gillespie et al. (9) obtained a value of 0,034 at -40° C.
and Dunning and Nutt (5) a value of 0.08, Ingold and Millen (10) made
Raman spectra measurements and found the dissociation to be 0,03 ét
-15° C. These data for anhydrous nitric acid can be compared with
values of ,C% s the dissociation of nitric acid containing less than
0.008 weight fraction of nitrogen dioxide,

Goulden and Millen (2) showed that Ay , the dissociaticn of
nitrogen dioxide in the nitric acid solution, had a value of about 1.0.
Their data were obtained at 20° C. and apply to dilute sblutions of
nitrogen dioxide in nitric acid.

DISCUSSION

It is apparent from the calculatlons that have been made, based
only on absorption data, that not all salient features have been taken
into account. One major example is in the treatment of Clé. The
variation of optical absorbance with the weight fraction of nitrogen

dioxide in pure nitric acid is a straight line as shown in Figure 1,
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and Beer's law suggests that <12 is therefore constant., The equi-
librium exﬁressions, however, show that, if Kl and K, are constant,

be bears a quartic relationship to the formal concentration of
nitrogen dioxide.

The uncertainty of the identity of the absorbing species con-
tributes to the possibilities of error in calculating a quantity such
as , . In addition, there would be a contribution to the error
from the fact that the activity coefficient for each species in the
solutions was assumed not to change with composition. Preseﬁce of ions
other than those stated is another possible source of uncertainty
separate from the problem as to which of these ions is involved in the
optical absorption.

Optical absorbance data are difficult to interpret in describing
ﬁhermodynamic equilibria since there are uncertainties as to the nature
and effect of the absorbing species. It is believed, however, that by
making reasonable assumptions as was done here, the infofmation on
optical absorbance can at least be used to show the order of magnitude
of the dissociations. It appears that the work at least qualitatively
supports the existence of equilibria as shown in equations (1) and (2).
Por further investigation it would be desirable to supplement the
. absorption data with more direct information such as would be available
in magnetie susceptibility measurements on solutiong of nitrogen diox-
ide in nitric acid. The fact that in this system nitrogen dioxide is
the only molecule having paramagnetic properties would allow direct

measurements of its presence (11,12).
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TABLE I,
NOMENCLATURE
K equilibrium constant
log logarithm to the base 10
& fractional dissociation of 10, into wo¥ and NO5™
& fractional dissociation of HiO3 into NOgt , NO5™, and Hy0
%’ fractional dissociation of HNOg into H0%and NO5™
g~ standard deviation
Subscripts
a point on an absorbance curve of system containing nitric acid-
nitrogen dioxide~potassium nitrate
b point on an absorbance curve of system containing nitric acid-
‘nitrogen dioxide
c point on an absorbance curve of system containing nitrid acid-
nitrogen dioxide-water
1l reference to equation 1
2 reference to equation 2
3 . reference to equation 3
Superseript

denotes mean values
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TABLE II.

WEIGHT FRACTION OF NITROGEN DIOXIDE IN NITRIC ACID SOLUTIONS FOR
EVEN VALUES OF ABSORBANCE AT 425 mA AND 32° F,

Absorbance®

0.200
04400
0,600
0.800
1.000
1.200
1.200
1.600

& Absorbance is defined as -log %

b Values in table are weight fractions of nitrogen dioxide,

Weight Fraction
tassium Nitrate

0.02
0

0.00072°
0.00144
0.00216
0.00292
0.00365
0.00440
0.00511
0.00583

0.04
0

0.00058
0.00120
0.00185
0.00244
0.00310
0.00373
0.00433
0.00495

Acid

0

0.00093
0.00185
0.00277
0.00369
0.00462
0.00554
0.00647
0.00743

Weight Fraction

Hater
0.003 0,006
0 0
0.00102 0.00111
0.00204 - 0.00220
0.00305 0.00331
0.,00406 0.00436
0,00507 0,00540
0.00604 0.00642
0.00705 0.00741.
00,0080/ 0.00842
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PART III

KINETICS OF THE DECOMPOSITION OF SODIUM DITHIONITE
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INTRODUCTION

Solutions of N3282Q4 are used as powerful and rapid reducing
agents for vat dyeing, bleaching, and for the manufacture of various
chemicals., The inherent instability of this compound with respeét to
both decomposition and atmospheric oxidation in agueous solutions,
however, lowers the efficacy of the solutions after prolonged storage.
The present study was underteken to determine some of the factors
affecting the rate of thermal decomposition and atmospheric oxidation
of sodium dithionite in aqueous solutions. Jellinek (1,2), Nicloux (3),
and Baatard (4) measured the rates of these reactions in aqueous solu-
tion. In the temperature range of 0 = 60° C Jellinek (1) found for the
thermal decomposition reaction that the rate of change of the concen=-
tration of S?.OZ with time was second order with respect to S:g()zP= and
in the presence of excess HSO§ the reaction was catalyzed, the rate of
change of the concentration of quf'being second order with respect to
both the concentration of Sp0j and HSO3. It was quantitatively estab-
lished by Jellinek (1) that the reaction proceeded towards completion

aceording to the stoichiometrie equation:

2 Nag8y0, + Hy0 ~——p 2 NaHSOg + NapS;03 (1)

Nicloux (3) established that aqueous solutions of NagSyOsreact

with oxygen according to the stoichiometry:

2
NagS,0, + Op +Hy0 —> NaiS0, + NaHSO, (2)
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A comprehensive review of the miscellaneous physicochemical
properties of NapSy0; is. given by Yost (5), Jellinek (6), and
Bassett and Durant (7).

The purpose of the present investigation was to obtain more‘ex-
perimental data on the rate of thermal decomposition of aqueous solue
tions of NapSp0; with the exclusion of Op and also on the rate of
atmospheric oxidation of these solutlions with the objective of find-
ing conditions under which the rate of these reactions is reduced.
The measurements were made at 50°, 60°, and 70° C. The effect of
various additives in the solutions on the rates of reaction was also
measured. These additives included Nal303, NapS03, NapS;03, NapgS,
NaOH, NaCl, and NaHCCber measurements of decomposition and NaOH for
the atmospheric oxidation reaction. The reactions appear to be
sufficiently complicated that no exact kinetic mechanism was.ascer-

tained from the present experimental data.

EXPERIMENT AL
Chemicalgs:s= Analytical-grade reagents produced by Baker Co. and
Mailinckrodt Co. were used without purification as additives for the
kinetics studies. NepSp0, as "Virginia Sodium Hydrosulfite" was con-
tributed by the Virginia Smelting Co., and this supplier gave as an
| analysis of the lot of their product received: Na2S204, 92 - 94 per
cent; NaCl-NayC03, 8 per cent max; ﬁetallic impurities, 0,035 per cent
max; insoluble in Hp0, 0,01 per cent max. This solid material as re-

ceived was treated by completely dissolving it in warm water under an
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atmosphere of nitrogen and then cooling the solution to the iee point
so as to obtain reasonably pure NapSp0, by differential solution and
fractional crystallization. The nitrogen used throughout was a 99.98
per cent grade supplied by the Mathieson Co. containing but minute
quantities of oxygen. A saturated solution of a third crystallized
fraction of NapSp0, was made and kept in an atmosphere of hitrogen at
the ice point. Measured volumes of the saturated solution of NapSy0,
were used to make up solutions of known concentrations of NaxSp0y

in the decomposition vessels. These saturated solutions had a turbid
appearance due probably to the presence of discrete particles o£ sul-
fur and the amount of this sulfur present may depend on the washing
procedure used. As will be discussed later this sulfur has a measurable

effect on the rate of decomposition of NapS30,.

Analytical Procedure:~ Since the measurement of the rate of decompom-
sition of NapSy0, was to be made in the presence of various reducing
agents such as NalSO3, NapSO3, NapSpO3, and NapS present sometimes in
concentrations one hundred times the concentration of Na2Sp0Qy, it was
necessary to adopt an analytical procedure which could determine NanS20,,
specifically in the presence of these other reducing agents. The
~analytical procedure used for most of the measurements called for
methylene blue as the standard reagent. One mole of methylene blue

is reduced from an intense blue color to an glmost colorless leuco=

form by one mole of Na,5~,0,. This reagent has been used previously in
Y4 _
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the determination of N328204 (8). However, in methods recommended by
other investigators the solutions must be warmed to increase the

speed of the reduction. At elevated temperatures the large exceéses

of the other reducing agents listed above reduced the methylene blue,
It was found experimentally that in aqueous solutions the rate of the
reaction between NaZSZOL and methylene blue is too low to give a clear,
precise end-point near room temperature due to two factors. One
factor, of course, is the lower temperature. In addition thé leuco~
form of methylene blue is relatively insoluble in water at room
temperature and the solid leuco~compound has a tendency to adsorb un-
reacted methylene blue during the titration causing a lowered overall
rate of reaction due to the necessity of the diffusion of the Na28294
to the surface of the solid before reaction can ensue. In about 10
per cent by volume of an organic solvent such as acetone or methanol
the solid leucow-compound dissolves and the reactions are accelerated by
eliminating the necessity of diffusion. Under these conditions 32053
sogi and 8~ in guantities greater than one hundred times the concentra-
tion of SZQZ do not interfere in the reaction between methylene blue
and Sng‘in the temperature range 0° - 30° G when the solution is about
. 0401 - 0.05 N in KOH and as low as 0.0001 F in Sp0/ and contains an
organic solvent., The standard solution of methylene blue is rapidly
titrated into a solution containing an unknown amount of SZQZ’ and the
end=-point is marked by the persistence of the intense methylene blue

color. The end-point is sharp and is rapidly attained at room temperature,
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Oxygen is eﬁcluded during the titration by the continuous bubbling of
nitrogen through the solution or by use of a carbon dioxide generator
described in the literature (9). The solution of methylene blue is
standardized by quantitative precipitation with an excess of standard
solution of I, by a procedure described in detail elsewhere (10). The
precipitate is filtered and the filtrate is analyzed for excess I, by
conventional iodometric procedures (11). The precision of the analyti-
cal procedure in determining concentrations of SZOZfis about £ 1 per
cent,

‘The selective reduction of chromium to the trivalent state 5y
Sgoz=is another possible analytical procedure. The trivalent chromium
is precipitated as the hydroxide, which is filtered zmd thoroughly
washed with ammonia water. In a solution of KpCr0j 0.1 F in KOH large
excesses of 3205—' and so? do not interfere in the reaction between Grof
and 32023 although a large excess of 8~ does. The Cr(OH)3 precipitate
is dissolved from the filter with 1 N HNO3 and the trivalent chromium
in - the filtrate is oxidized to the hexavalent state using HClOA and
Agll03 in a procedure described in the literature (12). The Crgo;: and
thus the equivalents of 82025 are determined iodometrically. Due to
. the accuracy and rapidity of the snalytical method using methylene
blue it was adopted in preference to the very accurate yet more tedious
chromate method in most cases. A test employing the chromate method
is ineluded in the resulis for comparison with the methylene blue pro-

cedure.
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Apparatus and Procedures:~ For most of the tests 125-ml Kjeldahl

flasks equipped with neoprene stoppers were used to contain the solu~
tions undergoing decomposition. Intermittent agitation within the
flasks was provided by means of a glass-covered-steel agitator mbved
manually from without by means of a powerful horseshoe magnet. In a
few cases a 500-ml round-~bottom extraction flask equipped with. a con-
tinuous mercury-sealed stirrer was used. Through a glass tube in thg
stopper of the flasks a positive gauge pressure of nitrogen of about
0.1 atm was maintained inside the flasks to preclude entry of air to
the flask. The nitrogen used for the pressurization was 99.98 per cent
Mathieson grade which was thoroughly scrubbed through a concentréted
basic solution of NapSp0y and then stored in a five-gallon bottle over
a basic solution of NapS30;. The hydrostatic pressure of this solution
wés ﬁsed to give the positive pressure in the system. This procedure
vas designed to eliminate as completely as possible the entry of oxygen
in the flask during the measurement of decomposition.,

A measured volume of distilled water, about 100 ml for the Kjeldahl
flasks and 400 ml for the extraction flasks, which had been vigorously
boiled to facilitate the removal of air was added to the flask in which
a stream of nitrogen continuously flowed. Additives to be included
. were then dissolved in the water, A layer of kerosene which had also
been boiled to remove air was placed on the surface of the water in the
decomposition flask to reduce further any chance for atmospheric contam-

ination during addition or withdrawal of material from the flasks in the
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course of the decomposition measurements, The flask and added water
were immersed in a water bath controlled by a mercury thermo-regulator
to within 0.1° C of the desired temperature,

Suitable amounts of samples of a saturated solution of Na28204 at

o°c¢ prepared as previously described were added to the solution in
the flask by’inserting through the neoprene stopper a long hypodermic
needle attached to a conventional glass syringe which had been flushed
out by moving the plunger back and forth several times while the needle
tip was in an atmosphere of No. Measured volumes of solutions were
withdrawn with the same apparatus. The precision of the wvolumetric
measurements was & 0,2 per cent., After addition of an amount of satur-
ated solution’of‘NastQA to the mixture in the decomposition flask to
give the desired initial concentration of SZOZ§ the contents were very
thorbughly agitated by the magnetic stirrer or the mercury-sealed stirrer
so that a uniform mixture resulted., The temperature of #he contents
of the flask was not lowered appreciably by the addition of the satur-
ated solution. The resulting solution was withdrawn at various tinmes
and immediately added to a 125 ml conical flask containing about 25 ml
of the deaerated solution of XKOH and methanol or acstone ﬁreviously
described. The solution was subsequently titrated with methylene blue,
. Nitrogen was continuously bubbled through this solution until the ti-
tration with methylene blue was completed.

The concentrations of methylene blue solutions were selected to

give burette readings which were sufficilently precise. The color of
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methylene blue is so intense that a drop of 0.,0001 F solution of
this reagent gives a clearly discernible blue color under the above
conditioﬁs. However, for the bulk of the tests methylene blue solu-
tions of about 0,001 F were used.

The time of withdrawal from the decomposition flask was assumed
to be that at which the KOH solution and the NapSp0; solution were
mixed. The rate of decomposition of Na282Q4 in the KOH solution was
assumed to be negligible for the few minutes required for the titration.
In Test 11 the solution from the decomposition flask was added to basic
chromate solution and the analyses were performed in bulk at the con-
clusion of the withdrawal of all the ;amples.

In a few cases the concentration of H' in the solution of Na282Q4
was measured with a Beckmann Model G pH meter equipped with a sleeve-
type glass electrode. Temperature corrections for measurements above
25° ¢ were made on the pH readings as prescribed by the manufacturer,
In several tests thé turbidity of the solution as a funcﬁion of time
was followed by a measurement of the optical absorbance of the solution
at 400 m/”’. A Beckman model DU spectrophotometer was used with & conw-
stanf-temperature bath attachment to make the measurements.

In the measurements of the rate of atmospheric oxidation of Na28204
" in aqueous solutions)air at near atmospheric pressure wés allowed to
bubble at a measured volumetric rate.of flow through the solution in
the Kjeldahl flasks., Similar sampling and analytical techniques to

’

those deseribed above were used in these measurements.
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RESULTS

Decomposition of Aqueous Solutions of NapSp0; at 60° C:~ 4An aqueous

solution of pure NapSpO, appears to decompose very slowly at first. The
decomposition accelerates rapidly after a certain elapsed time as is
evident from Figure 1 and Table I, Tests 1 and 2, Such behavior is in
keeping with a degenerate branching chain mechanism (13)., Other ex~
amples of this type of reaction in aqueous solution are known,as for
example the decomposition of nitrosyl disulfonate ion (14,15). For Test
2, the concentration of H*} whiech is a measure of the amount of HSd;
formed in the decomposition according to equation (1), is also plotied
versus time and it is seen that this curve is nearly a mirror image of
the concentration of SZOZ?versus time curve,

In Figure 1, Tests 1 and 2 represent measurements on two. separate
samples of NapSp0; prepared as previously described. It is noteworthy
that the concentration-time relationship is not jdentical in the case
of these two samples. Alsc the lines in Figure 2 have different slopes.
The slightly higher initial SgOZ?concentration maj partiélly account
for the earlier drop-off of Test 2 as will be seen subsequently. Howe
ever, the major cause of this lack of reproducibility may be due to the

~presence of differing amounts of suspended sulfur particles in the

original saturated solution of NapSp0; in these two cases.

A degenerate branching chain reaction approximately follows the

— iEf:S; = /4 *°
A6
(3)
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Where C is concentration of reacting species, @ is the time, and A
and B are constants. Thus it is seen by integration of equation (3)
that one of the criteria for this type of a mechanism is that there
be a linear relationship between log (C, - C) and @ . C, is the
initial concentration and C is the concentration at time €. In
Figure 2 is a plot of the log (C, - C) versus € for part oi‘ the con-
centration range. The data are also shown in Table II. The linearity
of these data indicate that .Na28204 in pure aqueous solutions decom~
poses in a fashion similar to a degenerate branching chain reaction,
It is apparent from Figure 1 that the reaction starts off slowly via
some reaction of undetermined order before the onset of the rapid de-
composition, |

‘In certain tests, such as 3 and 4 shown in Figure 3 and Table III,
where the concentrations of SZOZ and HY are plotted against 'bﬁne, it
is seen that there are peculiar osecillations. The oscillations are
most apparent in the curves of the concentration of szoz versus time
but are measuraﬁle in the curves of the concentration of HY versus time.
The fact that in some portions of the Szoz-time curves the concentration
of 3202 increases with time is rather unusuval. Initial mixing was
thorough so that incomplete mixing is not a source of error. There is
& possibility that some intermediate product of the decomposition of
SZOZ' reduces methylene blue and thué the increase in the concentration

of SZOZ is only apparent. The ultimate products of the decomposition,

NaHSQ, and NapS;03, do not reduce methylene blue under the conditions of



- 133 -

the analytiqal procedures as previously described. A4lso NasS and an
écidified solution of NaZSZOA where much sulfur and polythionous acid
are produced do not reduce the methylene blue under the conditions of
the analytical procedure. Thus no known species accounts for thé
apparent increase in the concentration of szoz with time, Chemical
reactions where the velocity varies periodically with time are knowm

and such behavior may be found in systems where coupled autocatalytic
reactions occur and where physical phenomena such as supersaturation

are present (16). In the reaction between Hy0p and HIO3 such pericdicity
occurs and the concentration of Iy 1s found to increase with time during
the oscillations (17). It is suspected that the presence of colioidal
or discrete sulfur particles in the present system may account partially
for this behavior, as will be discussed subsequently, although no
définite mechanism has been established, From a comparison of Tests 3
and 4 in Figure 3 it is again evident that there is a lack of repro=-
ducibility between two separate tests. Also the fluctuations appearing
in Tests 3 and 4 do not appear in Tests 1 and 2.

It is interesting to note that there is reproducibility in the
concentration versus time relationships in similar tests on pairs of
samples prepared from the same saturated solution of Nazszoé, as evi-

- denced in Figures 9, Tests 1l3ab, and Figure 10b, Tests 15abcd. These
data for decomposition with and without added producis of decomposition
will be discussed more fully subsequently, but these figures show that

the concentration-time relationships of Tests 13ab without fluctuations
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are similar and so are the Tests l5abed with fluctuations. Because
of this seeming dependence of the concentration-time curves on the
original saturated solution of NapSp0; each test number in the paper
designates a single saturated solution from which several sampleé
a,b,c etc, were taken,

Figure 4 and Table IV, Tests 5abed, show the effect of initial
concentration in the range 0,009 = 0409 F of NapSpy0; on the decompo-
sition reaction. Included in these solutions was enough NaCl in each
case to give a uniform ionic strength of 1,00. It is seen ffom these
data that the higher the initial concentration the sconer the acceler-
ated portion of the curve of the concentration of SZOZ' versus time is
reached and the sooner the second, lower rate leg is reached, except
for Test 5d. Also nbte that at 120 minutes about a guarter of the
original NapSp0; remains in Test 5d whereas a much smaller fraction of
the original NajS;0, remains in Tests 5abe. It is particularly apparent
from Tests 5¢ and 5d that the second, lower rate leg appears in the con=
centration~time curves when the products of the decomposition, NaHSOB
an& NapSp03, reach sufficiently high concentrations relative to the
undecomposed NapSz0,. As will be discussed subsequently this portion
of the decomposition rate is first order with respect to the concentra-

tion of NapS20y .«

An increase in ionic strength bj increasing the concentration of
NaCl in solution results in a reduction of the hslf life of SgQZi as

is evident from Figure 5 and Table V, Tests 5abed. This positive salt
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effect might, on the basis of Bronsted's theory, be interpreted as

an indication that reacting ions of like sign are prinecipally
responsible for the rate determining step of the autocatalytic decompo-
sition (18). However, the poesibility that NaCl may have a specific
catalytic effect on the reaction is not precluded. HNo gquantitative
analysis of these data on the basis of the Bronsted theory ﬁaskmade.
Practically, the addition of NaCl to the commercial samples of "Sodium
Hydrosulfite" mentioned previously seems ihadvisable from the point

of view of stability.

Catalytic Effect of NalSO3 and Several Other Compounds on the Decompo-

s8ition:~ In the presence of initial concentrations of NeHS03 equi~-
molar to or less than the initial concentration of NapSp0,, the branche
iﬁg éhain type of thermal decomposition of the latter is initially
catalyzed as seen in Figure 6, Tests 7abed, and Table VI, Tests 7a and
8abed, The tests in Figure 6 are for a constant ionic strength of 0.02,
which was attained by adding appropriate amounts of NaCl to the solutions.
- Figures 5 and 6 show that NaHSO3 has a pronounced catalytic effect on
the decomposition reaction, With the presence of concentfations of
NaliSO3 greater than that of the NapSy0; the autocatalytic nature of the
- reaction disappears, as a comparison of Tests 10abe, Figure 7a, with
Test 7¢ in Figure 6 shows. Actually, as will be seen presently, the
reaction becomes first order with respect both to HS03 and szoz in

this composition range. Thus there appear to be two regions of different
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rate behavior., They are the chain branching and the first order
regions, depending on whether the NalSO3 concentration is greater or
less than the equivalent (according to equation (1)) amount of Nay850, .
In both regions HSO§ catalyzes the decomposition.

With H' concentration greater than 10~3 obtained by adding Na HSOA
to the solntion;NaZSZOA decomposed immeasurably rapidly.

In the region of initial concentration of HSOE greater than the
initial concentration of szoz, the rate of decomposition appears to be
first order with respect to both the HSOS and the szoz concehtrations

and the rate may be expressed:

_dA(S:05) _ (s .07
3 k (S5, Oy ) o

K (HS05)(5.07)

il

k is the specific first order rate constant for the reaction. Typical
data showing the rate dependence of the decomposition of szoZ’on ‘the
concentration of HSOB'are shown in Figures 7a, Tesis 10abed, 11, and
Taﬁle VII, Tests 9abed, 10abed, 11, and 12ab for nominal concentrations
of HSOS varying between 0 - 0,5 F. The ionic strength for these tests
was maintained constant at 2.0 by the addition of appropriate amounts

" of NaCl to the solutions. From Figure 7a it is evident that with in-
creasing concentration of HSO§ the rate of decomposition is increased.
In Figure 7a are evident again fluctuations in the rate of the decompo-

sition and, although the overall reaction proceeds in a first order
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fashion, there is inherent periodicity in the rate (16).

It is interesting to note in Figure 7b and Table VII, Test 12
that the addition of 1 F NalCO5 to the solution inhibits the decompo-
gsition and effectively causes the chain branching mechanism to dise
appear. The concentration of H' in this solution is 775 x 10-6
molar, which is in the range that might be encountered in buffered
solutions of NeHSO; = NapS03 . However, the rate of decomposition of
NapSp0y in this solution appears to be very much lower than with the
same concentration of H"in a2 solution of NaHSOB - Nap503. From
Tests 25ab in Figure 7b it is evident that 0.1 F NaCOH or 0.5 F NapSO3
greatly inhibit the reaction. This inhibition may be due in part to
the reduced amount of the catalytic species HSGB in the solutions of
these compositions. S~ does not appear to have a specific catalytice
effect, al least not in solutions of 0.1 F NasS, which are basic, where
the rat; of decomposition of NaySy0; is reduced nearly fo that in
0.1 F NaQH, ag is seen in Table VII, Test 25b.

Tests 10abd are shown in Figure 8ab and the first order nature
of.the overall thermal decomposition with respect to the concentration
of Szoz=is noted from the linear relationship between the logarithm of
the concentration of SzQZ=and time. A plot of the reciprocal of the
concentration of Sgoz=versus time does not give a linear relationship
for the data of Table VII and thus it may be concluded that under the
present set of conditions the reaction is not second order with respect

to the concentration of SZOZ?as Jellinek found. In his experiments
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Jellinek worked with solutions initially about 0.28 F in NagSs0,,
studying the rate of decomposition of the pure substance at 60° ¢,

and the rate of decomposition in the presence of 10 - 30 per cent by |
weight NaHSO; at 18° and 32° C. The periodicity of the rate superim-
posed on the overall reaction rate is demonstrated by the dotted lines
for Test 10d., It is noteworthy that although the average slopes of
the linear first order relationship of Figure 8a can be precisely re-
produced for the same initial bulk concentrations of species, the
frequency of the fluctuations is reproduced with certainty only with
samples prepared from a common saturated solution of NapSp0,.

From the specific rate constants obtained by taking slopes of
lines such as shown in Figuré 8a, it is found that the "rate expression
given by equation (4) is essentially correct, the rate being first order
with respect to the concentrations of 8202 and HSO} and indepéndent of
the concentrations of 803= and HY in buffered solutions of NaHS03 - NapS03.
There is a slight dependence of the rate on the initial éoncentration
of 830, + In Figure 8b and Table VIII are given the values of these
rate constants for a variety of initial conditions, In Figure 8b where
k in min'l is plotted versus initial concentration of HSC); it is seen
that a linear relationship results and the rate increases with increas-
" ing concentration of HSOS for initial concentrations of 8202 of approx-
imately 0.0l F. As seen from Table VIII, these data represent about an
eighty-five fold variation in HY and a variation in initial formal con-

centration of 803 from 0 - 0.5 F, yet over this range of composition
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the rate constant appears to be directly proportional to the concenira-
tion of HSOE. That the rate is somewhat dependent on the initial con-
centratioﬁ of SgQZ‘is indicated by ﬁhe deviation of the points for
Tests 12 and b, for sbout 0.05 and 0.10 F S50, respectively, from the

line in Figure 8b as was stated.

Catalytic Effect of NajSy03 and NaHSO3 on the Decomposition:- NapyS303,

when preseﬁt alone, catalyzes the chain-branching-~type decomposition
of NagSp0;« In Figure 9 and Table IX,Tests l3abed,are sﬁcwn_fhe effects
of both NapS;03 and precipitated sulfur on the thermal decomposition
reaction. Tests 13a and b represent runs with and without a large glass
wool surface exposed to the reacting solution to measure possible'heteru
ogeneous catalysis by glass surface. The similarity of the concentraw-
tion of quz:versus time curves for this pair of tests indicates glass
.surface to be ineffective in catalyzing the decomposition, Also this
pair of curves shows that the chain branching reaction is:reproducible
with a common initial solution, With Test 13c¢c the catalytic effect of
about 0,01 F 5303 is evident, thus showing further the autocatalytic
nature of the reaction. Also, sulfur precipitated by acidifying NayS203
and filtered and thoroughly washed has a marked catalytic effect on the
decomposition.,

In Figures 1l0ab, Tests l4ab éndf15abcd, and Table X, Tests 1l2ed,
14ab, 15abed, léabed, 17ab, and 18abe, are shown data on the effect of

NapSp03 and NeHSO3 when present in greater concentrations than NapS30,
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on the rate of decomposition of the latter. For comparison in Figure
10b are Tesfs 15ab for decomposition of pure Na28204 by chain branching.
From a comparison of Tests l4a and b it is evident that 0,1 F

NasS504 éatalyzes the branching chain leg of the reaction. Howeifér,
the combination of 0.1 F NapSp03 with 0.1 F NaHSO3 causes a first order
reaction to appear, When both NazSy03 and NalSO3 are present, as will
be subsequently discussed, the specific rate constant is approximately
proportional to both. Also in Tests 15c¢d the addition of 820; HSO3"
and SO? again causes the curve of the concentration of sgof versus time
to become first order with respect to the concentration of 820:. Evident
in Tests 15abed is the periodicity in the rates. The remarkable\ dupli-
cation of these fluctuations in each pair of curves is shown in Figure
10b,

| The first order nature of the thermal decomposition in the presence
of excess 320;, HSO‘3', and So; is shown by representative data in Figure
1lla where the logarithm of the concentration of 820: is linear with
time. In Table XI values of specific first order rate constants k for
the various tests of Table X are calculated from the slopes of lines
such as shown in Figure lla., From Figures llab and Table XI it is evi-
dent that the rate of thermal decomposition increases with both 320§
‘and HSO3. The presence of marked periodicity in Tests 17ab and its
absence in Tests 16d are evident in this plot. The plot of the recipro-
cal of the concentration of SZOZ versus time is non-linear over the whole
range of time, showing that the reaction is not second order with respect

to the concentration of 8204:‘;



The nature of the catalysis of the decomposition of quz=by HSO3
end 5,07 as well as by HY is shown in Figure 11b where the specific
first order rate constant k, is plotted versus the concentration of
qu;=times the concentration of HSd§. For constant values of the cone-
centration of H' and the initial concentration of quZ? the rate cone
stant varies in a regular manner with increasing value of the product
of the concentrations. The rate constant is dependent on initial con=-
centration of SgQZi as seen in this figure, and unlike the case of
catalysis of HSd§ alone, in the presence of SzofrH*'catalyzes the dew
composition of SzQZi It is interesting to note that in studies of acid
decomposition of Na2S203 the time of formation of particles of sulfur
depends on (H’)%'and (32033‘ (19). The rate of this reaction is of
the same order of magnitude as for the quf decomposition but the
concentration of H*'in the solutions was much higher.in the former,
That sulfur apparently plays some role in the decomposition was seen

in Figure 9.

Role of Sulfur in the Decomposition of NasS00; 3= The turbidity of

aqueous solutions of NapSy0, decreases as thermal decomposition progresses.
This turbidity is probably due to the presence of colloidal particles of

- sulfur. A Beckman model DU spectrophotometer with coréx cells of 1 em
depth placed in a constant temperature bath was used to measure the rate
of change of optical absorbance at 400 m/f’ Alr was used as a reference
for the absorbance measurements, The measurement of direct absorbance

in this manner instead of measuring scattering of light has been used
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by other investigators in the study of the formation of discrete sulfur
particles (19). In Figure 12 is shown a plot of the logarithm of both
optical absorbance and the concentration of Sgoz:as a function of time
for solutions containing HSO3, Sp03 and SO, For solutions obeying

the Beer-Lambert law the absorbance is proportional to the concentra-
tion of the light absorbing species., Assuming that this law applies
approximately in dithionite solutions, it follows that the light abe
sorbing species reacts according to a first order law, In Figure 12,
Tests 19abed, and Table XII, Test 19abed, and 20ab, it is seen that the
disappearance of the sulfur particles with time ocecurs at about the
same rate as s?_ojf decomposes., Comparing Test 19a with 19b it is seen
that the rate of disappearance of sulfur is less than the rate of de-
composition of the 32QZ1 However, in Tests 19cd these rates are more
nearly identical. No periodic fluctuations oceur in the absorbance-
time relationships, although in Tests 19ac there is evidence of these
fluctuations in the Szozé-time relationship. The precise role of
sulfur in the decomposition has not been established othér than the ob-
servation that it disappears at nearly the same rate as does SgQZi Also
the presence of this solid phase potentially gives conditions which _

lead to supersaturation phenomena and periodie reactions (16,17).

Effect of Temperature on the First Order Decomposition of NapSy0; in

the Presence of NaHSO3 and NapS,03 := In Figure 13 and Table XIII,

Tests 2lab and 22ab, are shown data for the first order thermal decompo-

sition of NapSp0;. These data are for solutions 0,01 F in NapS30;. The
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solutions §f Tests 2la and 22a are 0.5 F in HSdE and the solutions of
Tests 21b and 22b are 0,5 F in both HSO3 and S;05. The data in

Figure 13 are for 50° and 70° G, Comparable data for 60° are giﬁen in
Tests 10a and 25c¢. In Figure 14 the specific first order rate constants
obtained from taking slopes of Figures 13 and 8a and 1lla are plotted
against the reciprocal of the absolute temperature., From the slope

of this so~called Arrhenius plot the apparent activation energy may be
obtained. It is found to have a value of approximately 16.l.kcal/mol
for solutions containing HSO§ and both HSO§ and 820§; The specific first

order rate constants are presented in Table XIV.

Atmospheric Oxidation of NaZSQOA:- As seen in Figure 15, Tests 2lecd,

22¢, and 23a, and Table XV, Tests 2led, 22cd, and 23a, the atmospheric
oxidation of Na28204 given by the overall stoichiometry of equation (2)
proceeds via an approximately first-order mechanism and the rate in-
creases with temperature. A comparison of Test 2lc and @ at.50° C shows
that with an increase in the flow rate of air, the decoﬁposition rate is
increased and thus the rates measured are partially dependenf on diffue
sion rates. In the absence of NaCH in the solution or in the presence

' of 0.1 F NalSO3 the rate of oxidation is so extremely high that making
measurements is very difficult, so basié solutions inhibit this oxidation,
In the absence of buffering action, the NaHSO; formed during the oxida-
tion may accelerate the decomposition of NapSpy0; since it is known that

at concentrations of HT above 10~3 NapSp0; rapidly decomposes. By a
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comparison of Figure 15 with Figures 8a and 1lla for decomposition it
is evident that the former rates are much greater than the latiter so
that oxidstion will overshadow thermal decomposition when air is not

excluded.,

SUMMARY AND CONCLUSIONS

The data presented here outline a reaction which appears to be
extremely complex, Briefly, the decomposition of NapS;0; is the chain
branching type in pure agueous solution but becomes first order with
respect to the concentrations of szoz and HSO}, when HSOB is present
in concentrations greater than that of the NagSp0,. Both the chain-
branching reaction and the first-order reaction are catalyzed by the
presence of HSO3 and S03. The first order reaction is but little
a.ffeéted by the conceniration of HY in buffered solutions of HSO} - SO3=,
but in the presence of 820; a rise in the concentration of HY causes a
more definite increase in the rate of decomposition. Naci shous a
positive salt effect by increasing the rate of decomposition., Colloidal
sulfur increases the rate by a mechanism which has not béen established,
Neither S= nor so§" appear to affect either the chain-branching reaction
or the first order reaction specifically, but both rates are greatly
. reduced when the conceﬁtration of HY becomes comparable to that in a
solution of 0.1 F NaeOH., The rate of atmospheric oxidation is also first
order with respect to the concentration SZOZ in solutions 0,1 F in NaOH,
The rate of oxidation in initially neutral solution is too high to meas-

ure with the present techniques.
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The change in the reaction behavior with the accumulation of the
products of the decomposition has discouraged the proposal of a specific
reaction mechanism. The present practice in the industry of adding |
sodium hydroxide or carbonate as preservatives to sodium ditﬁionite
is seen to be a wise one, whereas the practice of adding sodium chloride
is at best useless insofar as stabilizing the sodium dithionite‘is con=

cerned.,
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TABLE I.

THERMAL, DECOMPOSITION OF PFURE Na28204 AT 60° C.

Test 1 Tast 2
Tine (207) Time (8,07) §iap)
Min Holes/1lit Min Moles/1it  Moles/1it
' x 10=3 x 10~3 x 10=7
1.0 <7,1 1.2 743
3.0 64/, 440 6.7
845 6ol 12.7 6.9
13.2 A 18.0 7.0
18,2 VA 28,5 71
27.0 646 34 2.88
3645 0.6 3845 6.8 \
39.2 64f, 43 2.88
4545 6.6 50,7 6.8
51.5 6.6 615 6.2
52,0 64l 6/, 3.16
60,5 WA 717 549
72.5 63 73 3455
82,0 6.2 81,7 5.6
90.2 6.2
106,5 5.8 86.0 562
134.0 543 9642 lia3
185.5 3.0 98 5412
189.5 2.0 102.7 2.2
192,0 0.9 104, : 7494,
196,0 0.1 105,.1 0.1
106 10,00
106,1 <0,1

107 10.48
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TABLE II.

DEGENERATE CHAIN BRANCHING WATURE OF DECCMPOSITION OF NasS50,

Test 1 Test 2
Time (SZCif) Cg - C Time (32CZT) - G, -C
Min Moles/l%t Moles/1it Min Moles/lit Holes/1it
% 10~ x 10~ x 10~3 x 10=3
0 6.60 - O 7010 ) had
40 6452 0.08 40 6,97 . 0.13
60 6.40 0.20 60 6.62 0448
S0 6.28 0.32 80 5,65 1.45
100 6,08 0.52 90 LeT5 .35
120 5.76 0.84 100 3.10 4.00
140 5.33 1.27
160 470 1.90
180 3.60 3,00
190 2435 LeR5

* .
Bvaluated from smooth curves of Figure 1.
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TABLE III,

PERIODIC FLUCTUATIONS IN THERMAL DECOMPOSITION OF NapS00y,

Test 3 Test 3 Test 4
Time (S207) Time (1Y) Time (s205)  (u%)
Min Moles/1i% Min  Holes/1lit Min Moles/1it Moles/lit
x 10=3 x 10=7 x 10°° x 10~7
3.6 6.8 540 3424 1.3 8.5
9.5 6o 22,0 3.47 3.0 2.19
12.5 Oed 37.0 3.63 445 77
17.5 A 45.0 3.63 8.0 7.2
23.5 6.4 59.0 3.71 4.7 72
33.0 647 65.0 3480 16,0 242/,
3846 6.6 66,0 3.98 22,0 2.26
L1.7 6.7 70,0 Lia37 247 7ol
5045 6.4 7440 4 o4 35.2 761
5800 602 8500 1!-079 3900 20/'0
60,2 6.3 92.0 5.01 4247 5.1
6o 6ol 98,0 5.01 49.0 240
69.7 545 109.0 .25 5440 246
7545 5.0 122.0 5437 55.0 649
8046 5.5 124.,0 5,49 62.0 2.51
’ 8366 5.8 132 oO 5.62 63.2 609
88,5 563 138.0 575 69.0 2,57
96,0 5.3 145.0 6.31 732 7.0
103.0 5.8 150.0 6.45 740 2.82
112.0 5.9 180.0 6,61 7945 6.7
122.0 543 190.0 6.92 20,0 6.8
130.5 542 198.0 7.08 89.0 2,88
14345 Leb 233.0 8.13 94.0 . 2.95
152,0 Le3 240.0 8.91 97.0 6.8 2.95
16900 500 241}‘00 lO.QO 102‘7 60’-’:‘-
191,7 Le3 250.0 10,48 10440 3.16
235.2 2.9 252,0 11,23 110.0 3.39
246.7 2.2 256,0  13.80 122.7 5 o4
252,0 1.4 259.0 14,79 124.0 3.63
257.2 0.6 260,0 15,12 128.0 - 5,2
© 260,2 0.4 263,0  15.49 130.0 426
263.,7 €£0.1 266.0  15.84 132,2 Lot
135.0 5,01
139.0 3.0
140.0 5489
143.0 1.7
144.0 - 7.08
145.5 0.5
147.0 8,13
150,0 8.91

8.2 <01
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TABLE IV.
EFFECT OF INITIAL CONCENTRATION IN THERMAL DECOMPOSITION OF

Na28204 IN PRESENCE OF NaCl

Test5 _AMal.00

a b c 4

(WaCl) = 0.965F (§aCl) = 0,915F (NaCl) = 0.829F (HaCl) = 0.654F
Time  (8207) Time  (Sp0z) Time  (8207) Time  (S07)

Min Moles/lit Min = Moles/1lit Min  Holes/1it Min Moles/lit

x 10-2 x 10-3 x 10=2 % 10~3
645 8.1 745 20.6 745 4042 645 81.8
16.0 8.5 17.0 20,5 16,0 40,2 16.0 79.8
19.0 8.0 20.5 19.8 30.0 449 33.0 31.3
46.0 7.6 47.0 Oud 36.0 45 35.0 28.5
64a2 7.0 6545 0.3 46, ) 46,2 28,0
7245 543 83.5 0.3 65,5 3.7 6.5 L7
7945 0.2 125.0 0.3 93.0 3.1 7245 2.1
81.5 0.2 161.0 0.3 124,40 2.4 93.0 20,2
124.0 0.1 161.0 1.9 125 .0 1644
160.0 <0,1 188.0 1.8 161.0 12,8
312.2 0.8 188,0 10.4

312.0 Le2
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TABLE V.

EFFECT OF IONIC STRENGTH ON DECOMPOSITION OF NapSs0y,

Test 6
a b c d
(NaCl) = 0 (NaCl) = 0,025F (NaCl) = 0,10F (NaGl) = 0,25F
A = 0.025 A =0,10 A =025
* ms = ms = n=e =
- Time  (S20,7) Time  (S30;°) Time (8204 ) Time (3201-, )
Min Moles/lit Min Moles/lit Min Moles/1it Min Moles/lit
x 103 x 10=3 x 10~3 ' x 10=3
3.2  13.1 3.8 10.4 LD 13.8 5.0 10,2
4.0 11.6 1.5 10,5 16.0 10.4 15.5 9.6
27.0 11.0 2665 10,2 39.0  10.2 28.5 10.0
41.2 10,9 407 10.2 42 0 A 4245 A
5L.0 10,6 55,0 10.2 5545 9.8 56,0 3.8
63.5 10.2 6945 9.8 700 9.4 70.5 3.6
90.5 8.7 8745 8.8 7940 7.7 77.5 046
100.5° 7.9 99.0 8.1 8545 3.6 795 0.4
112.0 3.6 110.5 A 8845 1.4 138.5 0.4
116.5 2.0 114..5 1.4 9745 0.8 142.0 0.2
121.5 1.6 120,0 1.1 100.5 0.6 260.0 0.3
127.0 1.5 128.0 1.1 109.0 0.7
14045 1l 141.5 1.0 138,0 0.7
249.5 0.8 255,0 0.8 142.0 0.6
25745 0.6
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TABLE VI.
THERMAL DECOMPOSITION OF Na‘QSBOZP IN PRESENCE OF LOW
CONCENTRATION OF NaHSOB

Test 7 (A = 0.02)

a b c 4
(NaCl) = 0,02F (NaCl) = 0.015F (NaCl) = 0.01F
(Hsog) = 0,005F (r-zso;) = 0,01F (Hsog) = 0,02F
Time  (8,07) Time  (8,0.%) Time  (Sp0.7) Time  (8507)
Min Moles/1lit Min Moles/1lit Min Moles/1it Min lMoles/lit
x 10~3 x 10~3 % 10=3 T ox 10-3
L0 12.5 Le5 1247 5,5 11.7 6.5 11.2
11.5 11.8 12,5  11.7 14.5 11.9 15.5 944
22,0 12.2 22,8  11.5 24¢5 10.3 26.0 7 o
37.5. 11.5 36,8  11.4 35,2 3ol 3he? 7 a2
46,0  11.3 43.8  10.1 41.0 2¢3 40.0 7ol
56,2 11.9 61,2 0.4 62,5 2.2 6l,48 6.0
8l.5 10.9 80.5 0.4 7942 1.9 7842 6.0
102.5 10.8 10345 04 10445 1.9 105.5 53
129.5 0.4 132.0 044 133.0 1.7 134.0 L6
130.5 0.1 - - 143,0 0.2 186.0 -
232.0 0.1 226.0 0.3 217.0 1.3 189.0 Le2
221.0 3.8
Re5
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TABLE VI. (cont.)
Test 8 (A= 0,02)

a b c 'dj

(NaCl) = 0,04F (NaCl) = 0.05F
(Hsog) = 0,05F (HSO"B') = 0,10F
Time  (S,07 ) Time (8,0 : ) Time (S50 Z‘ ) Time (S50 :)
Min Moles/lit Min Moles/lit Min Moles/lit Min Moles/lit
x 10™3 x 10=3 x 103 % 10=3
Le2 11.9 Le5 1244 5.8 11,7 662 11.3
1.8 11,6 15.2 9.7 16,2 11.6 16.8 11.3
30.0 - 27.2 0.7 30,5 1l.6 33e5 11.7
L6.5 11.2 L7.5 0.6 48.2  11.7 49.0 = 11.2
62,5 . 11.5 69.5 1l.4 70 .0 11.2
96,0 11.0 102.5 10.% 111.5 10.6
117.5 9.7 123,5 10.6 12,0 10.5
119.5 0.2 1390 10.1 139.0 9.8
155.5 9.9 162.5 9.2
192.0 8.8 19845 -

Test 24 (/= 0,02)

(HCO3) = 1.0F
Time  (Sp0/7)

Min Moles/lit

x 10=3

15 Gk

8e2 8k
15.0 8.4
25.5 8.1
39.5 7.9
L7.0 8.3
57.0 8.0
7L.5 7.9
83.5 7.8
98.0 7.2
107.8 7.2
120.5 7.1
145.8 6.2
220.5 6.2
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TABLE VII.
DECOMPOSITION OF Na28204 IN THE PRESENCE OF HIGH

CONCENTRATIONS OF NaHSOB

Test 9
a b c d
(HSO3) = 0.282F (HS03) = 0,282F (Hsog) = 0.141F (Hsog) = 0,1,1F
(80£) =0.50F (3037) = 0.50F
Time (5,0.%) Time  (850,7) Time  (S,0,7) Time (8,0, )
Min Moles/1it Min Moles/lit Min Moles/1lit Min Moles/1it
x 10™3 x 10~3 x 10=3 | x 10~

3.8  1l.4 5.0 1l.4 5.8 11.5 6.8 11.2
12.8. 10.4 13.5 10.8 1.8 10.3 17.2  10.8
22,8 10,0 22 1042 27.5 10.1 29.5  10.4
3.0 8.7 Lhe? 948 45.5 9.9 6,5 10,0
58,0 8.0 58,2 8,6 5942 944 60.2 9.4
The2 — 646 7842 Tk 8l.2 7.8 84.0 - 8.3
8942 5.9 9448 6.6 97.0 73 99.8 7.8
104.2 49 107.5 5.8 1115 6.6 1145 7.4
125.0 45 126,0 547 127.0 6.6 128.0 7 ok
140.0 4.0 141.8 5.0 142.5 6.0 143.5 6.6
158.2 34 159.2 be3 160.2 5.0 160.8 567
175.8 2.9 180.8 3.7 1852  LJb 188.2 547
210.5 2.1 216.0 2.9 217.2 3.8 218,0 4.6
2372 1.4 - 238.2 23 238.8 3.1 239.8 39
259.,0 1.1 259,86 1.9 260.5 2.8 261.2 3.6
286.8 0.9 287,8 1.5 288.5 2.3 289.5 3.0



a

(HSO3) = 0450F

Time (52023

Min Moles/lit
x 10~3

1.8
9.0
18.0
25,0
38.0
48.8
62.5
77.0
el
11642
135.8
148.8

11.5
11.2
9.9
8.9
79
6.8
55
4eb
3.8
242
1.2
1.4
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TABLE VII. (cont.)

Test 10
b c
(HS03) = 0.50F (Hs03) = 0.10F
(so';) = 0,50F
Time (8207 Time  (S07)
Min Moles/1lit Min Moles/1it
x 10=3 x 10~3
2.8 12.1 4.8 12.0
10,0 11.2 10.5 11.2
19,0 10.4 20,0 10.8
26.0 9.3 29.5 10,6
39.0 8.4 39.5 10.3
49.5 7.6 50,5 9.6
6345 6.3 €le5 CNA
78.5 5.6 795 9.4
9545 Leb 96. 8.6
117.0 2.9 118.0 645
136.8 2.6 137.8 742
14945 241 150.8 7.0

d

(HS03) = 0.10F
(s03) = 0.10F

Time

(s207)

Min Moles/lit

5.8
11.5
20.8
3045
40,2
51.5
6542
80.5
97.2

101.8
107.0

110,8

112,2
119.0
131.0

- 138.8
1515

159.5
162.5

x 10~3

11.8
10.6

10 06
9.9
9.1
9.1
9.1
8.8
8.8
8.6
84,7
8.7
6.9
7.8
6.9
742
7.0
7.0
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TABLE VII. (cont.)

Test 11 Test 12
Dichromate Analysis a b
(HSO3) = 0.452F (HSO3) = 0.50F (HSO3) = 0.50F
Time  (S207) Time  (S07) Time  (Sp07)
Min Moles/1it Min Moles/l%t Min Moles/1it
x 103 x 10~ x 10~3
2.1 107 75 6.0 8.8 11.8
8 9.9 17.5 543 19.2 9.8
12.3 9.4 26.5 4.6 27.8 8.4
38.2 8.5 345 3.8 3545 6.8
51.2 8ol 4l 0 342 4540 6.0
67.0 7 ol 52,2 2.7 53.,2° 5,0
82,0 6.7 61.8 2.3 62.8 440
97.0 62 72.5 2.1 73.2 3.1
112.0 6.0 87.2 1.5 88,0 2.1
1275 48 101.0 1.0 102,0 1.3
1Li2.5 3.9 119.8 0.7 122,5 0.8
159,5 33 2.0 0.4 L40 0.4
10600 : 2.6 17600 0.2 178.0 0‘1
Test 25
a b c
- H=0. A =20 A= 0.
(NaOH) = 0,1F (S05) = 0.5F (s® = 0.1¥
Time  (S20]) Time  (S307) Time  (S07)
Min Moles/1lit Min Moles/1it Min Moles/1lit
x 10=3 x 10~3 x 10~3
4.0 11.8 6.0 11.0 18,0 9.6
12,0 11.2 13.0  11.7 26,0 10.4
27,0 12,3 31.0 11.8 0.0 10,6
41.0 11.4 43.0 9.6 88,0 10.5
53,0 13.0 55,0 11.6 388,0 9.6
9.0 12.6 91.0 11.2 1176,0 8.2
125,0 12.4 104.0 11,7 1831.0 8.3
170.0  12.4 132,0 11,0 2701.0 6.3
238,0 11.6 180.0 10.6
288,0 12,2 246.0 10,0
393.0 12.4 294.0 9.3
478.0 12.8 397.0 8.4
1180.0 12.1 482,0 75
1833.0 11.9 1187.0 244
2705,0 11,2 1837.0 0.9
2998.0 9.7 2710.0 0.2



- 161 -

TABLE VIIT.
FIRST ORDER NATURE OF THE THERMAL DECOMPOSITION OF NapS,0, IN

THE PRESENCE OF HIGH CONCENTRATIONS OF NaHSOB

Inditial
(5,07) (HS03) (5037) k ()
Test
No. Moles/1it  lioles/lit  Moles/lit (lﬁ.n"'l% Yoles/1lit
' 10"3 x 10~ x 10"7
9 a 10 04282 - 3.90 117.5
b 10 0.282 0.50 3.10 1.55
c 10 0.141 - 2,50 120.1
d 10 0.141 0425 2.00 1.95
10 a 10 0.50 - 6a42 117.5
b 10 0.50 0.50 5,64, 2.88
d 10 0.10 0.10 1.28 3.72

12 a 50 Q.50 - 8.1 7945
b 100 0450 - 9.19 6342
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TABLE IX.
THERMAL DECOMPOSITION OF NapSp0, IN THE PRESENCE OF SULFUR AND
LOW CONCENTRATIONS OF NaCl AND NapSpOsg

Test 13

a b c d

(NaCl1) = 0.02F (NaCl) = 0.02F (S203) = 0.01F  Colloidal S

Tine  (S;0%) Time  (8307) Time  (S0%) Time  (S,07)

Min Moles/1lit Min Moles/1it Min Moles/1lit Min Moles/1it
x 10=3 x 10=3 x 10~3 x 10-3

Le2 13,0 Le2 12,3 5.8 12.5 6.5 11.0
11.0 11.8 12,0 11.4 13.2 11.4 14,0 10.6
22.5 11.8 23.5 11.3 24.5 11,6 25,0 11.1
3505 1-107 3605 11.1 3705 11’2 38.5 10Q6
475 11.6 48,5 10,8 49.0 11.1 51.0 10.4
6300 11.2 71.0 10.8 7600 904— 7900 808
75,0 11,0 89.0 10.6 .

108.5 10.2 111.5 9.9 97.5 0.2 95.5 0.l

120.5 9,3 121.5 8.8

130.5 3ok 131.5 YA

132.5 0.5 133.5 5.1

135.5 0.1 136.5 0.9

139.5 0.1 -

149.0 0.1 150.0 0.l



THERMAL DECOMPOSITION OF NapSp0; IN THE PRESENCE OF HIGH CONCENTRATIONS

OF Na2Sp03 AND NaHSO3 COMPARED TO A RUN WITH NO ADDITIVES

Test 12
] d
(8,035) = 0.4F (8,03) = 0.40F
(HSO3) = 0,5F (ESO3) = 0,507
Time (sgciﬁ Time (sde)
Min Moles/l%t Min Moles/1it
x 107 x 10-3
10,0 43 12.0 9.7
20.2 3.5 21.5 7.3
20.0 2.7 30.5 5.0
37.2 1.7 38.3 3.0
46.0 1.3 L7.2 2.5
5L¢5 1.0 55¢5 1.2
64‘0 0.7 65 05 O.f/
7440 0.5 77.0 0.7
89.0 0.1 90,5 0.2
103,0 0.1 104.0  0.04

(320‘3') =0.10F

a

Test 14
b

(S,03) 0.10F

(HS03) =0,10F

Time

4e?
10.0
17.0

26.0
33.0
51.5
71.5
104.8
136.0
166,0
203.0

(3202) Time (8202)
Min Moles/1lit Min Moles/l%t
x 103 x 10™7
11.2 5.0 124
8.8 10.5 7 oy
8.4 18,0 2.2
21.5 1.5
7ol 3240 1.6
5.7 38.8 lo!:'«
49 52,0 1.3
o6 73.0 1.0
3.0 109.0 0.8
242 139.5 0.5
1./ 169.5 0.2
0.5
0.5

248.0
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TABILE X. (cont,)

Test 15
a | b c d
(HSO3) = 0.50F (HS03) = 0.50F

(S03=) = 0.25F  (S04") = 0.25F
(8203) = 0.25F (8503) = 0.25F

Time  (S,07) Time (3202) Time (squ) Time (3202)
Min Moles/lit Min Moles/l1it Min Moles/l1it Min Moles/1it
x. 1077 x 103 x 10-3 x 103
3.0 1.5 40 1049 be5 4.0 5.0 949
10,7 1.2 11.2  10.0 12.5 9.0 13.2 8.9
20.2 10,7 210 9.7 22.0 8.2 23.0 7.8
30.3  10.6 21.2 9.6 32.0 6.9 33.0 6.7
4247 1044 4245 10,0 bheO 643 45,2 5.6
53.7  1l.4 5447 10.8 5507 544 5645 5.l
60.5 6.6 6l.5 7.2 62.2 3.7 68,5 5.4
68.0 8.1 69.2 8.9 70.0 3.9 70.7 3.3
8042 9.4 81.0 6.9 8L.0 244 82.2 2.5
90.0 7.9 9L.0 7.5 92.0 3.0 93.5 245
100.7 5.9 101.5 4.6 102.2 2.2 103.0 2.0
117.7 0.2 112.5 0.1 113.0 24 113.7 R4
122.5 R4 123.2 2.1
137.2 1.8 138.2 1.8
194.0 0.8 196.0 0.6
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TABLE X. (cont)

Test 16

a b c d

(HS03)=0.25F  (HSO3) =0.25F  (HSO3) = 0.25F  (HS03) = 0.50F
(820%) =0,10F (8203) =0.25F (S20%) = 0.50F (S203) = 0.50F

Time  (S307) Time  (Sx0%) Time  (Sy07) Time  (S07)
Min Moles/1lit Min Moles/1lit Min Moles/li% Min Moles/lit
x 10~3 x 103 x 10~3 x 10~3
2.8 10.3 LoD 11.6 Le8 13,2 55 9,2
10,0 10.2 11.0 9.2 12,0 7.9 - 1342 742
16,2 10.2 170 8.5 17.8 7.0 19.2 6.3
2345 842 242 646 25,0 5.1 26,0 340
3002 706 3102 507 3200 402 3300 3¢3
3802 607 39.2 408 ’ 4008 3-4 41-5 2.7
48.0 5.6 49.5 3.7 50,0 25 50.8 1.7
5745 heb 58.5 3.0 59.0 1.6 60.0 1.1
6803 Zl-ol 6903 204 7000 1.1 71.0 008
87,5 3.1 88.5 1.6 89.0 0.7 90.2 043
103.0 2.0 103.8 1.0 104.8 0.3
121.0 1.3 123,5 0.5
146.0 1.0 148.5 0.2

172.0 0.7
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TABLE X. (cont.)
Test 17
a b
(HS03) = 0.10F (HSO3) = 0.25F
(820%) = 0.25F (820%) = 0.25F
(8057) = 0.40F s;o3=} = 0,25F
Time  (Spd}) Time  (S207)
Min Moles/1it Min Moles/lit
x 10-3 x 10=3
1.8 11.0 3.5 8.9
8.5 10.4 9.5 8.6
25‘8 4.5 2200 8.9
31.5 8.7 32,8 Se3
45.0 8.3 4640 762
57.8 8.9 58.5 6.6
77,0 2.0 80.0 647
98,0 4e9 103.0 540
118.0 5.9 119.0 3.7
146.0 642, 150.5 3.6
146.5 62 151.0 3.3
17940 5.3 190.5 2ok
204..0 L6 207.2 1.9
251.0 3.4 253.5 1.2
202,5 2.9 29445 0.8



a

(HSO3) = 0.25F
(803%) = 0.01F

Tine (5,09
Min Moles/lit

x 107
5.0 8.9
12.5 8.4
19.5 8.6
31.0 6.4
43,0 5.9
5642 5.0
68,5 365
7645 345
87.5 3.0
91.8 R4
100,0 243
113,8 1.9
133.5 1.3
168,0 0.6
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TABLE X.

Test 18
b

(HSO3) = 0.25F
(803%) = 0.05F
(8503) =0.25F

Time (s?_oz)
Min Moles/1it
x 10~3
4e5 2.1
11.5 8.5
20.5 7.9
30.0 8.9
4345 6,7
572 6.5
69.0 49
T7e5 5.2
8345 4ol
100.5 34
114.8 3.1
134.0 2.5
170.0 1.6

(cont.)

c

(HS03) = 0.25F
(s047) =0.15F

Time (szcz)
Min Moles/1it
x 10=3
4.0 9.9
10.5 9.2
21.0 7.9
29,5 8.9
3545 5.9
38-2 806
40,8 8,2
Lhe? 649
49.5 7ok
58,0 73
69.5 5.7
7840 5.9
89.5 542
101,5 4e5
115,8 4.1
135.0 3.6

173.0 23
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TABLE XI.

FIRST ORDER NATURE OF THE THERMAL DECOMPOSITION OF Na28204 IN

THE PRESENCE OF MIXTURES OF HIGH CONCENTRATIONS OF NaHSOB AND Na28203

Test
No.

12 ¢

16

fLmo o P

17

fople]

18

oo

Initial
(SZOZ=)
Mbles/l%t
x 107

50
100

10

10
10
10
10

10
10

10
10
10

(5305)

Moles/lit

(320§=)

Moles/1it

0.40
0.40

0.10

0.10
0.25
0.50
0.50

0.25
0.25

0.25
0.25
0.25

L -
(SO3 )
Moles/1lit

0.40
0.25

0.0l
0.05
0015

k

(Min"]'%
x 10~

18.7
23012

5466

7456
11.20
15.33
17.69

15.8
127

6.61
23
335

(1)

Moles/lit
x 107

7945
795

117.3

120.1

123.0

117.3
117.3

0.83
3e24

49.0
18,2
6,02
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TABLE XIT.
" FIRST ORDER NATURE OF THE ABSORBANCE~TIME RELATIONSHIP FOR THE

THERMAL DECOMPOSITION OF Na23204

Test 19
a b c d
(HS03) = 0.50F

(S03) = 0.25F (S203) = 0,25F (S203) = 0.63F  (S203) = 0.63F
Time (S207) Time  Absorbance Time (SQOZ) Time Absorbance
Min Moles/1§t Min @ 400 mA” Min Moles/l%t Min @ 400 mA

x 10~ x 107

3.8 10.6 3.0 0.550 1.5 8.7 2.0 04,493

6.5 10,1 8.0  0.538 3.5 6.9 40 04450

10.0 7.7 10.0  0.515 5¢5 5.6 5,0 0,428

13.5 8.9 12.0  0.498 7.8 5.4 5.5 0.412

17.2 8.4 1.0  0.482 11.8 3.4 6.0 0,400

21.0 7.7 17.0  0.463 15.8 2.9 6.5 0.386

25.2 7.1 19.0  0.443 18.2 2.5 7.0 0.362

30.3 6.4 21.0  0.431 21.2 2.1 7.5  0.347

35.8 6.4 24,0  0.417 23,7 1.8 8.0 0.330

0.0 545 26.0  0.401 27.0 1.6 8.5 0,315

432 L7 29.0 0,381 31,2 1.2 9,0 0.300

L6.8 L7 31.0  0.370 37.0 0.9 9.5 0.288

49.5 3.9 3440 0.354 420 0.7 10,0 0,275

5565 el 36.0  0.343 52,0 0.5 10.5  0.266

60.0 3.8 38.0  0.330 11.0 0,257

6L 3.4 40,0  0.320 12,0  0.240

68.8 3.1 2,0 0,310 13.0 0.225

2.0 2.9 45.0 0,295 14,0 0,210

83.5 2.0 48,0 0,280 15,0 0,198

89.8 1.9 51,0 0,268 16,0 0,186

106.0 1.4 54,0  0.254 17.0 0,176

116.0 1.1 58,0 0,240 18.0 0.169

62,0 0,225 19,0 0.160

66,0 0,210 20.0 0.151

70.0 0,197 21,0 0,45

75,0  0.185 22.0 0,132

81.0 0,169 26,0 0,112

85.0  0.158 28.0 0.106

9.0 0.6 32,0 0,089

94,.0 0,137 37.0 0.075

99.0  0.126 2.0 0.065

104.0 0,116 48.0  0.055

109.0 0.108 59.0 0,051
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TABLE XII. (cont).

Test 20
a b

(HSO3) = 1.0F (HS03) = 1.0F
Time (SZOZ) Time Absorbance
Min Mbles/l%t Min @ 400 m /A

x 107

2.2 12.4 0 0.801

6.2 1l 1,0 0.791

9,8 10,8 2.0  0.757

1.5 10.1 3.0 0.732

18.0 9.1 4.0 0,717

22,0 7.8 5.0 0,697

27.8 7.1 6.0 0.678

32,8 6.1 7.0 0,660

36.0 5.5 8,0 0,653

42e5 45 9.0 0.630

47.5 3.7 10,0 0.616

51.5 3.2 12.0  0.590

5742 247 14.0  0.564

64,0 2.1 16,0  0.534

6642 1.8 18,0 0.510

70.8 1.6 20.0 0.484

7642 1.1 22,0 0.459

82,2 1.0 24,0 0.430

87.5 0.8 26,0 0.410

92.2 0.6 28.0 0,388

97.2 0. 30,0 0,368

111.0 0.2 32,0 0.351

196,0 0.1 35.0 0.326

39,0 0,295

43,0 0,268

L7.0  0.241

51.0 0.219

59.0 0.177

6600 0.114.9

72,0 0,131

76,0 0,117

83.0 0,102

88,0 0,092

93,0 0,083

100.0 0.073
107.0 0.063
137.0 0,042
164.,0 0.046
194.0 0.047
288.0 0,025
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TABLE XIII.
FIRST ORDER RELATIONSHIP FCR THERMAL DECCMPOSITION OF NapSp0, IN

PRESENCE OF NaHSO; AND NagS,05 AT VARIOUS TEMPERATURES

Test 21 t = 50°C Test 22 t = 70°C
a b a b
(HS03) = 0.50F (Hsog) =0,50F (Hso'B') =0,50F (HS0%3) = 0.50F
(520'3‘), =0,50F (3203)= 0.50F
Time  (Sp07) Time  (S207) Time  (Sp07) Time  (S207)
Min Moles/lit Min Moles/1it Min Moles/lit  Min Moles/lit
x 10=3 x 10=3 x 10=3 x 10“3
2.5 10.9 3.2 10.5 1.8 6.6 2.5 9.0
6.0 10.8 7.0 9.7 3.8 6.3 L5 7.0
12.5 9.6 13.2 8.6 7.0 7.7 7.8 543
17.5 9.7 18.5 7.8 11.8 A 12.5 3.7
24,40 9.5 24,.8 7.0 16.8 6.8 17.2 2.7
30.0 9.5 30.8 644, 21.2 5.9 22,0 2.2
37.0 9.2 37.5 5.6 26.5 504 27.2 1.1
46.0 8.5 46.8 L9 33.8 Leh 3445 0.5
57.0 8.1 57.3 4 e0 41.0 345 1.3 0.2
69.8 7.6 70 .2 3.2 51,2 2.7
82.2 6.9 82,8 2.6 63.0 2.0 '
99.0 6.4 100.9 2.0 73.0 1.4 73.8 0.1
113.8 5.3 1142 1.3 86.0 0.9
125.5 5.0 126.5 1.1 118.5 0.4
131.5 YA 132.0 0.9 14542 0.1
156.5 Lol 156.5 0.6
179.5 3.5 180.5 0.4
221.0 2.8
279.0 1.1
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TABLE XIV.

FIRST ORDER RATE CONSTANTS AS A FUNCTION OF TEMPERATURE

Temperature k Test k Test
Min—t No. Min—1 Yo.
x 10=3 x 103
70° ¢ 12.3 22a 40.0 22b
60° ¢ 6,12 10a 17.2 16d

50° C 2,77 2la 8.06 21b
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TABLE XV
'FIRST ORDER WATURE OF ATHMOSPHERIC OXIDATION OF AQUEOUS SOLUTIONS

- OF NapSp0y AT VARIOUS TEMPERATURES

Test 21 t = 50°C Test 22 + =70°C Test 23 1 =60°C
c d c a
(WAOH) = 0,10F (NaOH) = 0.10F (NaOH) = 0.10F (NaOH) = 0,10F
Time  (S20%) Time  (S207) Time  (Sp07) Time  (Sp0})
Min Moles/lit  Min Moles/1§t Min  Moles/lit Min Moles/1it
x 10=3 x 10™ x 10 x 107
0 12.1 0 12.0 0 11.2 1.5 12,6
8.0 11.9 1.8 11,0 2.5 10.9 8.5 12.6
8.2 10.3 2.0 10.1 3.0 7.8 1}6.0 -
8.8 8.0 2.8 8.7 3.2 5.8 46.2 12,5
908 505 302 7.2 3.8 2.8 4700 10.8
10.8 544 3.8 5.6 .0 1.7 47 .8 842
11.5 Lol Le5 Lob Le9 0.5 L85 6.0
13.0 1.7 5.0 2.3 547 0.1 49.8 40
1!&00 2.1 6.5 loO 608 bl 5008 300
15.5 1.1 8.5 5.0 51.8 1.6
17.0 0.8 9.5 0.1 53,0 1.0
18.0 0.4 10.5 - 5440 0.5
19.8 0.1 55.2 0.2
20.8 - 5645 0.8
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PART IV

THE DETERMINATION OF CHROMIUM BY OXIDATION IN THE PRESENCE
OF SILVER NITRATE.
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Determination of Chromium by Oxidation in the Presence of Silver Nitrate

SCOTT LYNN AND DAVID M. MASON
California Institute of Technology, Pasadena, Culif.

A VOLUMIETRIC method of quantitative analysis wus desired

A for determining amounts of chromium less than 10 mg. A
widely used method for the quantitative estimation of chromium
in ores and various industrial products such as leather and steel
involves complete oxidation of chromium from the tripositive
to the hexapositive statc.  When in the hexapositive state chro-
mium can be determined by some conventional means such as the
iodometric method described by Swift (10). It was found diff-
cult to get quantitlutive results using hydrogeun peroxide in a
basic aqueous solution to oxidize chromium. The oxidizing
property of hot, fuming perchloric acid has been utilized by pre-
vious investigators (2-9, 11) to oxidize chromium. The meth-
ods used, however, are rather elaborate, and for small quant ties
of chromium neither fuming perchloric acid alone nor a mixture
of perchloric acid and other acids gave quantitative results. Tt
was the purpose of the present investigation to modify a procedure
using mixed perchloric and sulfuric acids (9) in order to get
quantitative results in the determination of small quantities
of chromium. The chief modification proposed is the addition
of silver nitrate to the fuming mixture.

Smith and his coworkers (3-9) digest ehromium with a fuming
mixture of perchloric and sulfuric acids in an Erlenmeyer flask
under carcfully controlled conditions. The procedure recom-
mended demands that the temperature of the reactants and the
period of time of the digestion be maintained within relatively
narrow limits, It is necessary to use a reflux condenser to
prevent loss of vapors from the reaction flask (6). The contents
of the flask are cooled rapidly with water, and, after the removal
of dissolved chlorine by boiling, the resulting solution is ready
for titration of the chromate. One suggested modification (6)
of this procedure requires that another oxidizing agent such as
potassium permanganate or ammonium persulfate be added to
the solution after the digestion process to ensure complete oxida-
tion.

PROCEDURE

The following method is recommended for the quantitative
oxidation of 10 mg. or less of tripositive chromium. Initially
the chromic salt is present in approximately 5 ml. of an aqueous
solution which is made acidic with nitric acid. To this solution
in a 125-ml. lirlenmeyer flask equipped with a heavy ground-
glass stopper 13 added 1 ml. of a reagent made from 2 volumes of
72 weight %, perchloric acid, 1 volume of 98 weight 9, sulfuric
acid, and 1 volume of 0.2 formal silver nitrate. The flask and
its contents are placed in a liquid bath of orthophosphoric and
metaphosphoric acids maintained at a temperature in the range
of 200° to 220° C. Volatile constituents consisting chiefly of
water are distilled from the mixture in the flask until the volume
is reduced to about 1 ml., and then upon the first appearance of
dense white fumes of perchloric acid the ground-glass stopper is
wet with distilled water and placed in the flask. After the vola-
tile constituents are distilled off by forcing the heavy glass
stopper up enough to leak through the resulting annular space
the glass stopper settles into position. This treatment prevents
the loss of echromium by volatilization which has been observed
by the authors and by other investigators (/). Only the lower
part of the flask is submerged in the bath; the upper portion is
exposed to the air to permit condensation of the fuming acid,
which refluxes down the side to the bottom of the flask. The
oxidation of greenish tripositive chromium to the reddish hexa-
positive state takes place rapidly at temperatures in the range
200° to 220° C. Reddish droplets condense on the inside of the
flask during fuming. Digestion for 1 minute after the change in
color from green to red suffices for complete oxidation. The
flask is taken out of the bath and cooled externaliv with cold
water. The stopper is removed, and the contents of the flask
are diluted with 70 ml. of water at approximately 25° C, Silver
chloride is precipitated upon dilution, The resulting solution is

boiled until the volume is reduced io 20 ml. It is found that
chlorine is completely removed, during the boiling, as evidenced
by a negative starch-iodide paper test. The volume of the cool
solution is increased to 50 ml., which gives a hydrogen ion con~
centration within the range 0.2 to 0.4 formal recommended for-
the subsequent iocdometric titration (10). PPotassium iodide is
added to the solution, and the iodine formed is determined py
titrating with a standard solution of sodiumn thiosulfate. Ikis
found that the silver iodide precipitated does not materially mask
the starch-iodine end point.

RESULTS

In the series of tests of the procedure equal amounts of a stand-
ard potassium dichromate solution were made 0.1 formal.in
nitric acid and reduced with 2 drops of 30 weight % hydregen
peroxide. The resulting solution containing trivalent  ehro-
mium was evaporated to dryness to decompose the peroxide
thoroughly. One milliliter of the perchloric acid reagent whs
added, and the oxidation procedure described above was carried
out. Sample tests are shown in Table 1. ;

Table I. Results of Oxidation of Tripositive Chromium
(Chromium taken, 2,751 mg.) s
Chromium Found

Mg. Deviation, %
2,745 —-0.2
2,728 —-0.8
2,745 —-0.2
2.753 0.1

The procedure was {urther tested over a range of amounts of
chromium from 10 to 0.1 mg., and the results were of comparable
accuracy to the data of Table 1. For 2.751 mg. of chromium
the method described by Smith et al. (9) without the presence of
silver nitrate during digestion gave results which were on the
average 5.2% low. ' g

CONCLUSIONS

It appears that the addition of silver nitrate to & mixture of
fuming perchloric and sulfurie acids at 200° to 220° C. as outlined
results in a more quantitalive oxidation of smail amounts of
tripositive chromium than has been obtained by the methods
mentioned above, The mechanism by which the silver nitrate
aids in effecting the quantitative oxidation of trivalent chromium
has not been established.
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PROPOSITIONS
Submitted by Scott Lynn for Ph. D. Oral Examination, July 7, 1953,
9:00 AM., Crellin Conference Roon,
Committee: Professor Sage (Chairman), Professors Buchman, Corcoran,
Lacey, Plesset, and Yost,
Chemical Engineering:
1. Plotting temperature, velocity, and composition vs. the square
of the distance from the center of the channel is a convenient tool in
determining the values of the eddy properties at the center when the

center line is an axis of symmetry.

2. Acetylene and eihylene are produced commercially by the Wulff
process, in which propane or other light hydrocarbons are pyrolized <°
in a non-equilibrium reaction, Dichloroacetylene and/or trichloro-
ethylene might be produced from tetrachloroethane in a similar process

at a lower cost than is now possible,

3. Specifying the temperature and entropy of a one phase, one
component system is not always sufficient to fix the state of the

systen,

4Le The eddy diffusivity appears to be a marked function of the rate

of change of composition with distance along a flow channel,

5. The distance required to return to the normal level of turbulence
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characteristic of a given flow rate in a channel is much greater after
~the introduction of large scale turbulence than after the introduction

of small scale turbulence,

6. The variation of the eddy diffusivity with x, the axisl distance,
in a non-uniform stream is to a certain extent independent of the

varistion of the eddy viscosity with x,

Chemistry:

7 The presence of a small amount of silver ion facilitates the

quantitative oxidation of chromium by perchloric acid,

8, The determination of the absolute concentration of nitrogen
dloxide in nitric acid solution by measuring the megnretic suscepti-
bility would be a valuable addition to the work done on the absorption

of light by these solutions,

9. Fibers which do not conduct electricity tend to build up charges
of static eleetricity, This reduces their desirability as fabrics
because of the resulting tendencj to cling to the wearer and to produce
sparks and shocks, A coating to reduce this tendency could be msade
from hydroxy substituted polysiloxanes, which would tend to adsorb
water molecules and hence produce & semi~-conducting layer.
Polysiloxanes are widely used at present to produce a water repellant
layer on gless and synthetic fabrics. (Warrick, E.L., Huner, M.J.

and Barry’ A.J.’ Indo Engo Chem., 4_4._:2196 (1952).)
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10. The addition of an excess of KHSO4 to a solution of N02 in HNO3
- markedly reduces the optical absorbance of the solution., This might
indicate that NOHSG‘!P is partially but not completely ionized in

nitriec acid soluticn,

11, A.R.Ubbelohde, Disc, of Far, Soc., 8, 203 (1950), states that
metal hydrides of the type M—Hn tend to have the properties of the
elements n places to the right in the periodic table., In support of
this he describes the properties of PdH, comparing them to those of
silver, and goes on to point out that iron charged cathodically with
atomic hydrogen is wet by mercury., Since cobalt is not wet easily
by mercury, and since an iron surface formed when a bar of iron is
broken under mercury is wet, the phenomenon described by Ubbelohde
would seem to indicate that it is a surface oxide which ordinarily

prevents iron from being wet by mercury.

Mechanical Engineering:

12, Corcoran (Ph, D, Thesis, California Institute, 1948) has proposed
that Cr203 dissclved in metallic chromium might be removed by intro-
ducing a second liquid phase in which the oxide was more soluble, An
alternative method, which has the advantage of greater ease of recovery
of the cr203, would be the addition of a calecium chloride~lime mixture.
Chromic chloride would be distilled off and recovered. The function
of the lime would be to reduce the vapor pressure of the calcium

chloride, if this proved to be necessary.
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13, A cutting torch attaining very high temperatures might be made
by using a nozzle in which a chemical reaction is taking place to
get & rather high (~ 3000°K) temperature and a velocity of about
6000 ft/sec. The stagnation temperature of such a stream would be

about 5000°K.

Pedagogy:
14, Insufficient attention is paid to developing in the student

the ability to present and defend subjects of a controversial nature
in a formal lecture,



