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INTRODUCTION

The ten talks reproduced in this volume were delivered
at the Third Ann Arbor Industry-Education symposium, sponsored by
the Industry Program of the College of Engineering. At this meeting,
the authors reported on studies and experimental programs, most of
which were carried out at the University of Michigan.

This type of meeting represents one way in which the
Industry Program reports to participating companies on University
research activities, at the same time stimulating an interchange
of ideas between technical people in industry and the University.

This book is not a publication; it was prepared primarily
for distribution to those who attended the symposium.

iv






OPENING REMARKS

J. Louis York
Chairman of Symposium

SMALL-PARTICLE RESEARCH

The field of research so broadly specified in the title, and
so ill-defined by that title, has been skirted by almost all the branches
of science and engineering. We define the term by including studies of
particle formation and destruction, studies of particle characteristics
when combined with fluids to form suspensions or pastes, studies of the
suspensions, interactions with other particles and with fluids.

Subject selections were made from the viewpoint of engineering
application to problem solving, without tending to slight by exclusion
the many other researchers and many other areas of interest. We include
some of the basic science which underlies all engineering studies, and
recognize that the borderline between science and engineering is hazy
indeed.

This program is primarily concerned with particles larger than
molecules, but we do include work on large molecules, because the tech-
nlques are applicable to a wide range of particle sizes. We are interested
mainly in non-living particles, but we do include work on pollens, again
because the principles and techniques are applicable to all particles.

The particle size of interest ranges from the wavelength of light (about
0.5 micron or 0.00002 inch) to large snowflakes. Our level of knowledge
ranges from complex mathematical formulation to crude observational
experiments.

Few of the speakers present neatly packaged solutions; all
admit that the work to be done is enormously greater than the work
accomplished. We do not attempt to present an integrated book of know-
ledge; we are only opening the doors to our laboratories and our thinking
to show you where we stand and where we hope to be going in the foresee-
able future.

This brief introduction can only warn of the scope of things
to be presented. Further, we should be impudent to attempt a thorough
integration of the material. There are those who believe that it will
be integrated someday, and those who are equally convinced that we have
simply dabbled in unrelated fields of work to pluck out items related
only by an artificial and undefinable phrase -- small particles.

-1-






LIGHT SCATTERING OF COLLOIDAL SOLUTIONS

Peter Geiduschek
Agsistant Professor of Chemistry
The University of Michigan






LIGHT SCATTERING OF COLLOIDAL SOLUTIONS

Peter Geiduschek

INTRODUCTION

The interaction of systems of small particles with radiation
is one of the most powerful methods for the study of their size and form.
In particular, this brief discussion is intended to provide a simple re-
view of certain aspects of the light scattering from solutions of macro-
molecules, and to describe methods whereby the mass and size distribution
of solute particles in heterogeneous mixtures ray be investigated. The
enitre topic of light scattering in its many phases and applications has
a large and rapidly growing literature, including numerous reviews dealing
with limited aspects of the field. T?e reader is particularly referr?d
to Van de Hulst's general monograph 1 and a number of review articles 2-6)
dealing with the light scattering of macromolecular solutions. This dis-
cussion deals with a domain of scattering phenomena very different and
in many ways simpler, than that discussed by Professor Churchill in the
succeeding paper. We restrict ourselves to a consideration of dilute
suspensions of particles possessing no secondary scattering. In addition
we consider only those scattering phenomena of such particles uninfluenced
by the presence of the solute — solvent interface.

LIGHT SCATTERING FROM SMALL PARTICLES

Both the theory of fluctuation(gﬁf)and the exact molecular theory
of scattering(B) give the excess scattering over that of the pure solvent
for an ideal solution of point isotropic particles. as

Rg = KcM (1)
2
2,dn 2
2n (ag) Ho i9r2
where K = ——-—— and Ry =
NoA 0 10(14-00529)

with ig the excess intensity scattered by a unit volume of solution

at an angle 6 to the incident beam, I, the incident intensity of
unpolarized light, r the distance from the scattering volume to the
agfector, ng and n the refractive indices of solvent and solution
respectively, Ny Avogadro's number, X\ the wavelength gf the incident
light in vacuo, ¢ the concentration of solute in grams/ml. of solution,
and M the molecular weight of the solute.



It will be noted that K is a constant determined entirely
by the wavelength of the scattered light and the refractive properties
of the system while the reduced scattering intensity, Rg, is independent
of scattering angle if the scattering particles are sufficiently small.

In thermodynamically non-ideal systems, the reciprocal specific
scattering intensity is a function of concentration. The theory of
fluctuations then yields

Ke _ 1 4 2Bc + 3C02 + ... (2)
Rg M
where B and C are the coefficients of the c and c2 terms of the osmotic
pressure — concentration relation:
oL fme e, (3)
cRT M

It is clear from equation (2) that for sufficiently dilute solutions,
specific reciprocal scattering data may be extrapolated to infinite
dilution on a scale linear in concentration, to yield the molecular weight.
From the experimental point of view, it is therefore necessary to measure
refractive index increments, concentrations and scattering intensities.

A wide variety of light scattering photometers has been described in the
literature and their calibration is the subject of numerous descriptions
and discussions 9-12) Figure 1 shows a simplified diagram of the
commercially available instrument used in this laboratory(lofl3), which

is quite adequate for standard light scattering applications. In practice,
Ke/F0 (R9o is the Rayleigh's ratio for excess scattering at 6 = 90°) is
usually measured as a function of solute concentration is solutions suffi-
ciently dilute that only the first two terms of equation (2) are of
appreciable magnitude. Kc/R9O is then plotted against concentration, and
extrapolated to c¢=0. The intercept is the reciprocal of the molecular
weight, and the slope of the line connecting the experimental points is
twice the second virial coefficient, B (equation 2).

If the solute particles of the scattering system have any dimen-
sions exceeding one tenth of the wave length of the incident light in the
medium, then Rg depends on the xattering angle. The problem of calculating
the angular variation of scattering of such a particle involves summing up
the waves from all the scattering points in the molecule (taking their
differing phases into account) to obtain the electromagnetic disturbance



Figure 1. Simplified Schematic Diagram of the Brice-Speiser
Light Scattering Photometer.

L light source, F neutral filters. C collimating lenses,

81,82,83 slits defining the incident beam and phototube aperture,
T cell table, P photomultiplier detector tube, D graduated disk,
H light trap.

(and therefore the light intensity) and averaging over all molecular
orientations and configurations. Figure 2 is a simple representation
of the situation which arises. m and n are two scattering zenters in
a single large molecule which are located a distance rp, apart. The
light scattered from the incident beam by m and n respectively, in the
direction 6, has traveled different distances in reaching the detector
and is therefore out of phase by

® = Am - nB/A' (4)

where k'= l/no is the wave length of the light in the medium, and
interference -- a reduction of the scattering power -- results. Only

in the forward direction (6 = 0) does the scattering remain uninfluenced
by the extension of the solute particles, since ® approaches zero as

6 goes to zero.



Figure 2.

The above effect is the only one occurring in the scattering by
the solute particles under certain restricted conditions:

1) The solution is sufficiently dilute to permit the solute par-
ticles to scatter independently;

2) The molecules are randomly oriented in space;

3) The incident beam consists of monochromatic, parallel rays;
4) There is no absorption;

5) The particles are isotropic;

6) Interaction of the scattered and incident radiation inside
the particle can be ignored as can be the re-scattering of scattered
radiation.

The above conditions are met by most solutions of synthetic high
polymers, whatever their molecular weight and the equations which may
be then derived are of very general utility.* For such systems, we may
relate the shape and size of the particles with the angular dependence
of their light scattering. 1In general, as a consequence of the situation
outlined in Figure 1, the Rayleigh ratio for scattering at ¢ = O will
be greater than at all other angles and we may write

*The scattering of systems of large globular particles and of dense sus-
pensions, on the other hand, presents a rather different, and more complex
situation. The calculations appropriate to that domain of scattering are
the topic of Professor Churchill's talk.



Ry = P(B)R_; R, =P ()R, (5)

o)
P(6) is called the particle scattering factor; P(8) is called the
reciprocal particle cattering factor. Details of the processes involved

in the calculafion of particle scattering factors are given in a number

of references 2,11, 1 l6)and the resulting functions have been tabulated§6)
Figure 3 gives a graphical representation of Pl as a function of angle

for a number of particles of different shapes as a function of angular and
size parameters, whose significance is discussed below. In general, the
reciprocal particle scattering factor, P‘l(e),may be expressed as a power
series of a function of the scattering angle — sin 6/2 :

p-1(6) - 1+_3p_ A (6)

where p2 is the square of the radius of gyration of the particle, defined
by the ratio of the moment of inertia of the particle to its mass:

p2 - L -1 Ynr?

M y 1 i1

m being the mass of the particle, mj; the mass of the scattering elements
of the particle and r; their distance from the center of mass;

h =""o 51n9/2 and a; are the coefficients of the expansion in even powers
of h and p. In other words, at sufficiently low values of the angle 6,
P-1(6) is a linear function of sin® 6/2, and the slope of P~1(8) against
h2 yields the radius of gyration. For particles of known shape this
latter quantity may be related to more familiar size parameters. For
instance,

2
2rod - 3R sphere _ ngisc 1 2

2 _ L Ddisc _ 1g~ |
o 5 n 3 coil

p

With the aid of equation (6) we may also provide a suitable
recipe for the determination of molecular weight and size in such systems.
From equations (2) and (6) we see that by carrying the measurements to
sufficiently low concentrations and angles we may attain that region of
concentration and angle from which linear extrapolation of specific re-
ciprocal scattering against c and sin29/2 yields the molecular weight, i.e.,

lime-»0 Ke, _ 1
50 By T ¥ (7)

Similarly from the definition of the particle scattering factor

p-l(g) = 1im KeM (8)
¢ -0 Re
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Figure 3. Plots of the Reciprocal Particle Scattering Factors, P~1(8),
of Monodisperse Spheres, Discs, Gaussian Coils and Infinitely

Thin Rods. p is the radius of gyration and h = ™0 g4, 9
2
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while
1im 4dp-1(6) 1 »
—5 =3P (9)
h -0 dh 3

yields the radius of gyration. A very useful and convenient form for
these extrapolations has been proposed by Zimm<ll) and is in general
use for treating the light scattering data of non-ideal solutions of
large macromolecules.

POLYDISPERSE SYSTEMS

Thus far, we have confined our discussion to systems in which
the macromolecular solute is completely homogeneous with respect to
size, shape, and configuration. However, in most real experimental
systems, heterogeneity with respect to one or all of these properties
is either a given fact, or a dreaded possibility. The light scattering
of such heteroform systems can provide information about certain averages
of their molecular weight and size distributions. In many heterogeneous
systems, the refractive index increment and therefore K are the same for
all the solute particles. In that case, at concentrations sufficiently
low that each of the solute particles scatters independently of the others,
the total scattering will be merely the sum of the individual scattering
intensities due to each of the species, 1, and

Rotot = §Rg, = KL c3My (10)

where c4 and M; are the concentration and molecular weight, respectively,
of component i. In consequence, the limiting value of the reciprocal
specific scattered intensity gives an average molecular weight — the
weight average, <¥>w

lim  Ke
tot 2.C4
¢ 50 - L - L (11)

6 -0 Riot {FI}% ) zciMi

On the other hand, it is the "light-scattering-average' of the particle
scattering factor, p2>z‘s. which is determined for a polydisperse system:
recalling the definition of P(6) we have

N Zc-MiP-(G)
P(6) = 12
<: /> £.s ’"ZE;EE"“ (12)
If we proceed to determine the average radius of gyration from the limiting

slope of<?'l(9?>for the polydisperse solute at low values of sin®6/2 or ne,



then

<i 5> tOt\\ > -1+ gﬁ <?2>2.S‘ ‘o (13)

Retot

inserting the definitions of Rgyoy and M, equations (10) and (11), into
equation (13), we find that the average of the radius of gyration which we
measure is given by 5
<pe _ LegMipy
4.5 YoMy

We conclude, then, that the application of equations (11) and
(13) to measurements on polydisperse systems ylelds weight average mole-
cular weights and light-scattering average radii of gyration. However,
the heterogeneity of the solute system also influences the shape of the
average particle scattering factor. For any given system, the heterogeneity
increases, P'l(G) assumes more downward curvature with respect to the h
or sin29/2 axis. 1In general, it is possible to write out all the terms in
the series expansion of P—l (equation 6) in terms of successive averages
of the size, shape and configuration distributions. However, in order to
derive useful numerical information from the experimental data, it is
advisable to restrict consideration to specific cases. We shall present
here, the analysis of the scattering curve for polydisperse systems of
linear chain randomly kinked molecules, built up of identical monomer
units(17). For a monodisperse system of such coils, of degree of polymeri-
zation v, effective bond length b, monomer molecular weight Mo,the recipro-
cal particle scattering factor may be written as

ple) = X (1L)

where

and the average square of the radlﬁs of gyrgtlon is p2 = vb2/6
At low values of hp, as before, P 1+ 80% ang at high values of

hp, that is, for high scattering angle and Bize, equation (14) can be
simplified to give
— 2
22
p-l(e) - _LIL%_)_ (15)
2(n%°- 1)
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For a polydisperse system containing a concentration, cy, of
material of degree of polymerization vy, the average reciprocal scattering
factors are

at low hp and at high hp
/-1 12 1,0 tot<
§H) =1+ @, ) ot el (16)

n%0%1  (h2p21)

Now, for an ideal Gaussian chain, since pei a Mi

<L~>Q o = éﬁ' M>h where M, is the molecular weight of a monomer unit,

and <M>Z is the z-average molecular weight of the polymer sample defined by
2
ZciMi
(e -
ZCiMi
= 2/ - 2
and \/\p2> = b_<M\W ; <;§\/n = D <M>
W 6M ' M, n

2

where the weight and number averages of p

<5§>; = gfig_i and <92>

Ctot 1/ P21

are defined by

It follows that

M i
£ o 0, 2 o
2<M>n 2
and the ratio of slopes of P-1(6) vs. sin29/2 (or hg) at high and low

values of hp

S _ @ (18)

5 200y

In other words, from the intercept and slope of initial and asymptotic
tangents to P71(6) of systems of polydisperse coils, we may obtain the
number, weight, and "z" averages of the molecular weight and average

square radius of gyration. Figure 4 17 illustrates the relationships

presented in equations (16) to (18).



“1h-

Figure L,

Reciprocal Particle Scattering Factor of a Poly-
disperse System of Ideal Gaussian Chain Molecules.

5o and S, are the Initial and Asymptotic Slopes
of P-1 against h? = 16“2n0251n29
S 2
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What are the conditions under which this seemingly powerful
analysis of coiled macromolecular systems is feasible?

a) All the molecules must be made up of identical building blocks--
that is to say, b must be constant; one can have heterogeneity of molecular
weight only;

b) Molecular coils may show no excluded volume effects. If p2
is not proportional to M, then certain minor corrections must be made to
equations (16) through (18)(18);

c) It must be possible to perform measurements both on the asymp-
totic and limiting linear portions of the scattering curve, i.e., one
must make measurements both at low and high values of hp.

The location of the lower and upper limits om hp depend on how
rapidly p-i converges on its two limiting tangents. To examine this point
we need to look at the entire reciprocal particle scattering factor curve,
which depends, in the polydisperse case, on the molecular weight distri-
bution. In general, we may say the following: the narrower the molecular
weight distribution, the quicker p-1 converges on its two limits. Multi-
peaked distributions probably converge more slowly on their limits than
single-peaked distributions leading to the same ratios of weight to number
average molecular weights. For the molecular weight distributions likely
to be encountered in synthetic high polymers, it is usually necessary to
make measurements in the range of 1.6 > hp > 2.6. For example, as is often
the case, if the experiments are performed with incident light of 4358 A
wavelength, and scattering is measured for the angular range 6= 20 to 1450,
then the solyte particles must be in the size range given by
500 < /‘2 l 2 < 1000 A. If the particles are smaller than the limits
given, hen 1t is only possible to measure the weight average molecular
weight, < :& and the z average radius of gyration <p2>z (Equations 11, 13);
if the solute particles are larger, only the number average molecular
weight, ~n and the weight average square radius of gyration, <p2> Equation
17) can be determined.

If the system is also heterogeneous with respect to configuration
(for instance, if there is a distribution of effective bond lengths), then
the above analysis, which assigns all the deviations from the recliprocal
scattering factor for a monodisperse system to molecular weight heterogeneity,
gives too large an estimate to the breadth of the molecular weight distri-
bution.



APPLICATION

To illustrate the use of these relationships we select data
from our own research on a naturally occurring high polymer. The material
being studied is sodium desoxyribose nucleate (DNA) a naturally occurring
polynucleotide which may be isolated from viruses, bacteria, and the
nuclei of the cells of higher organisms. It is a molecule of very high
molecular weight. The sample to be described below was isolated from the
gonads of salmon. Due to the great difficulties attending its fractiona-
tion, very little reliable information is presently available regarding
the molecular weight distribution of sodium desoxyribose nucleate,although
it is generally recognized that considerable molecular weight heterogeneity
must be present. Our approach to the problem has been the following.
By rather indirect and F ewhat elaborate means, it is possible to dissolve
DNA in absolute ethanol) which it appears to be coil-like and to possess
a rather collapsed conflguration. On such material we may determine the
angular dependence of light scattering by extrapolation of the scattering
dgta from very dilute solutions. By these means, it is possible to determine
Q’ /, the reciprocal particle scattering factor of the nucleate in this
solvent medium (Figure 5). The analysis of this scattering curve now pro-
ceeds in terms of the equations given in the previous section and yields the
results summarized in Table I. Inspection of Figure 5 shows that the curve
of P! has a linear portion both at high and at low anﬁles The value of
the light scattering average radius of gyration, , of 900 A, also
indicates that we are in the right range of sizes for applylng the hetero-
geneity analysis of equations (16) and (18). From that point of view,
then, the data of Table I are valid. However, there is no evidence to
show that molecular weight heterogeneity is the only type of distribution
present. In fact, a priori, it is quite likely that a certain degree of
configurational heterogeneity also exists. In that case, the above analysis
provides an upper limit estimate of molecular weight heterogeneity. However,
in the absence of other data this represents a very useful first approach
to the problem of determining the molecular distribution of sodium DNA. For
simpler systems of high polymers, such as for unfractionated synthetic
macromolecules, the situation is less complicated and for instance, Benoit,
Holtzer, and Doty have been able to achieve considerable success with
highly heterodisperse nitrocelluloses.

-16-
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1
10

2, 2
h (/o >t.s

Figure 5. Reciprocal Particle Scattering Factor of a

Sample of Sodium Desoxyribose Nucleate

(DNA-C-Cu-25) in Absolute Ethanol as a Func-
tion of h2 < p2 >
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TABLE T

Polydispersity Analysis of a Sample of Sodium
Desoxyrebose Nucleate (DNA), Isolated
From Salmon, in Absolute Ethanol.

n W Z
<M> 2.1 x 100 7.4 x 100 27.7 x 105
<2 51/2) 250 470 910

Note:
The weight-average molecular weight of the DNA in ethanol is
approximately 15% higher, in this case, than in aqueous solu-
tion. Undoubtedly this arises from a slight tendency to
aggregate in this solvent,



CONCLUSION

In the limited time and space available, only a very cursory
review of a highly selected topic from the domain of light scattering
in dilute solutions has been attempted. This method is now well estab-
lished, and with the proper care it proves to be a powerful tool in the
elucidation of the size, shape, heterogeneity and interactions of large
molecules in solution.

-19-
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LIGHT SCATTERING COMPUTATIONS AND RESEARCH IN THE
DEPARTMENT OF CHEMICAL AND METALLURGICAL ENGINEERING

Stuart W. Churchill

(Presented by Professor J. L. York)
INTRODUCTION

Light scattering by dispersed material is quite receptive to
theoretical treatment., However, the available theories yield solutions
which are in the form of infinite series of complex functions and
invariably require the use of high speed digital computing machinery
for their practical application., During the past decade, the faculty
and graduate students in the Department of Chemical and Metallurgical
Engineering of the University of Michigan have been 1nvolved in a
number of engineering applications of light scattering and in the course
of this work have computed and published six books of tables of light
scattering functions. Other theoretical and experimental contributions
have been reported in doctoral theses and journal publications.

Professor C. M. Sliepcevich initiated the program in 1948.

Professor S. W. Churchill became co-supervisor in 1952 and has continued
to supervise the program since Professor Sliepcevich's departure from
the Unilversity of Michigan in 1955. More than a dozen graduate students
and a comparable number of undergraduate students have participated. A
number of other faculty members, in particular, Professor C. M. Chu of
the Electrical Engineering Department have contributed to various phases
of the work.,

This paper will review this continuing research program with
emphasis upon the computational aspects and will illustrate the charac-
ter of some of the computed functions.

REVIEW OF PREVIOUS WORK

In 1908 Mie published exact solutions for the interaction of
electromagnetic radiation and a single spherical particle., However,
his solutions are in the form of infinite series of complex mathematical
functions and are inconvenient for direct application or for hand com-
putations., Consequently, most of the earlier applications of light
scattering utilized approximate formulas rather than the exact solutions.
Since the advent of modern high speed computing machinery in the 1940's,
the functions and series occurring in the Mie solution have been com-
puted and tabulated for a wide range of physical parameters, although
many important values are not yet available.

~25-
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One of the earliest and most expensive compilations was
prepared and published by C. M, Sliepcevich and R. 0. Gumprecht in the
course of the development of a method for the determination of the size
distribution of spray droplets by light scattering. This set of
tables(l) included the light scattering of amplitude functions and the
scattering coefficients for a large number of indices of refraction
and values of the circumference to wave length ratio., The scattered
intensity at a selected number of angles was also included. Two tables
of mathematical functions which were computed in the process of com-
puting the light scattering functions were also published. 2,3 The
application of the light scattering functions in particle size measure-
ments were reported in Jjournal references (4,5,% 6) and in Dr. Gumprechts'
thesis.(7)

Graduate students J. H. Chin and R. H. Boll continued work on
light scattering. Dr. Chin developed what is undoubtedly the most exact
method available for determining the size distribution of polydispersed
systems by light scattering. This work, which 1s reported in refer-
ences (8,9, &0 is based upon a very original and interesting mathematical
development. It has perhaps received less attention than it merits be-
cause of 1ts apparent complexity and very real demand upon experimental
precision. However, the experimental demands are inherent 1n the
analysis of a polydispersed system rather than a shortcoming of the
method.

Dr. R. H. Boll studied liquid-in-iiguid sprays by light
scattering., This work which is reported in references 11, 12 and 13,
required computation of values of the light scattering functions for
relative indices of refraction of less than unity. These computations
which have application for dispersions of gas in liquid or solid,
liquid in 1liquid or solid, and solid in liquid or solid have recently
been extended and published as a book of tables.(lu)

In 1952 sponsored research on multiple scattering by dense
or extended dispersions was begun with the assistance of Dr. C. M. Chu,
Some of the results to date have been reported in references (15, 16,
17, 18, 19 and 2O)and an equal number of papers are in preparation.
This work 1s being actively continued.

The necessity of utilizing the complex Mie solution as an
integral part of the formulation of the mathematical representation of
multiple scattering provided a strong incentive for simplification of
the Mie solutions. This simplification was accomplished by formally
rearranging the solution for the angular distribution of scattered light
in the form of a simple series of Legendre polynomials.(21,22) The
new representation is much more convenient in most applications of
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light scattering than the original form of the Mie solutions. The
coefficients in this series, called Angular Distribution Coefficients,
have now been computed and compiled for a wide range of conditions.(EB)
In addition an extended table of Legendre polynomials was computed and
published for use with the Angular Distribution Coefficients as well as
in other applications.(gh)

As his doctoral research B. K. Larkin measured the contribu-
tion of radiation in heat transfer through porous insulating materials
by light scattering techniques and succeeded in correlating the results
in terms of a theoretical model based upon light scattering by single
spheres and cylinders. As a supplement to this work the light scatter-
ing functions for cylinders, analogous to those derived by Mie for
spheres, were derived and computed. This work has been reported in

Dr. Iarkin's thesis and in two papers recently submitted for publica-
tion. (25)26) 27)

Work on another aspect of light scattering is in progress as
the doctoral research of George C. Clark who is investigating experi-
mentally and theoretically the effect of interference between adjacent
particles on the transmission of light through dense dispersions.

Several of the many applications of light scattering in
engineering are apparent from the above work and publications. The
role and importance of high speed digital computing machinery in this
type of work is also very apparent.

TILLUSTRATIVE LIGHT SCATTERING COMPUTATIONS

The character of some of the light scattering functions
which have direct engineering application and which have been computed
at the University of Michigan and elsewhere is illustrated in the
following figures.

The angular distribution of the intensity of monochromatic
radiation scattered by a single non-absorbing particle is illustrated
for an index of refraction of 1.%3% and a circumference to wave length
ratio of 25 in Figure 1. The critical variation of the scattered
light with angle is particularly apparent when it is noted that loga-
rithmic coordinates were used 1n this polar diagram. The particular
figure was plotted from values computed by hand from the tabulated
values in references 22 and 23, The variation of the angular distri-
bution coefficients with circumference to wave length ratio is illus-
trated for an index of refraction of 1.33 in Figure 2. It is this
critical variation of scattered intensity with angle and the significant
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1f less critical variation with circumference to wave length ratio and
index of refraction which makes it possible to analyze and characterize
dispersions by light scattering.

The total amount of light scattered by a single particle
also varies significantly with a circumference to wave length ratio,
index of refraction and absorptivity. The scattering coefficient, i.e.,
the ratio of the scattered light to that geometrically obstructed by a
single particle, is plotted as a function of the circumference to wave
length ratio in Figure 3 for an index of refraction of 1.44. Although
a satisfactory representation is apparently obtained in Figure 3 a great
deal of fine structure is discovered if the computations are carried
out for a greater number of circumference to wave length ratios as shown
in Figure 4. This fine structure is unimportant in many applications
but may be significant in applications involving monochromatic light
and closely sized particles,

For absorbing materials the light scattering functions are a
function of absorptivity as well as of the index of refraction and the
circumference to wave length ratio. The variation of the interception
coefficient, i.e., the ratio of light sbsorbed and scattered to that
geometrically obstructed by a single particle is plotted as a function
of circumference to wave length ratio for a series of values of the ab-
sorptlvityand an index of refraction of 1.29 in Figure 5.

In order to obtain solutions for problems of multiple scatter-
ing Chu and Churchill developed an approximation in which the continuous
angular distribution of scattered radiation is represented by six
discrete components, one forward and one backward and four sidewise.

The variation of the forward and backward components in this six-flux
representation 1s i1llustrated in Figures 6 and 7 for several indices of
refraction and a range of the circumference to wave length ratio. The
complex variation of even these "smoothed" functions is quite impressive.
In some of the applications of multiple scattering this second order
variation has been significant and the extremely detailed calculations
required to obtain the fine structure of the curves have been neces-
sary.

As a further simplification, which has proved surprisingly
successful in multiple scattering problems the scattered radiation has
been represented by only a forward and a backward component. This two-
flux representation can in fact be shown to be a better representation
than the diffusion model which is widely utilized in the essentially
analogous problem of neutron scattering., The light curve in Figure 8
1s an estimate of this two-flux back scattered component based upon
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computations at a limited number of intervals of the circumference to
wave length ratio as indicated by the triangles. Subsequent calcula-
tions at a greater number of intervals as indicated by the circles

show that the initial estimate was significantly in error at many
points. For application involving a wide range of wave lengths such
that merely the total area under the curve 1is important, the limited
calculations are sufficient but applications involving a single particle
size or wave length require detailed calculations. The detailed results
for three indices of refraction are shown in Figure 9,

The light scattering functions shown in the previous figures
have all been expressed in terms of the circumference to wave length
ratio and the index of refraction. Most commercially important materials
have significant and highly selective absorptivity in the visible or
infra-red region and have a closely related, critical variation in the
index of the refraction with wave length. Therefore, for a real material
the use of the previous curves requires experimental data for the varia-
tion of the index of refraction and the absorptivity with wave length
as shown for water in Figure 10. In general interpolation will be neces-
sary between the various discrete indices of refraction and discrete
absorptivities for which the light scattering functions may be plotted
or tabulated. For polydispersed materials and distributed sources of
radiation such as black body radiation it is apparent that a series of
fairly detailed integrations are thennecessary to obtain the integral
light scattering properties.

CONCLUSION

Computational work is often a necessary part of research in
light scattering applications. The continuing improvement and greater
availability of high speed computing machinery will encourage the
computation of more extensive tables of light scattering functions and
this will in turn encourage greater application of light scattering in
all branches of science and technology. We look forward to continued
participation in this very active field of research.
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POLLEN DISPERSION AND PENETRATION

A, Nelson Dingle
INTRODUCTION

Initially, our interest in ragweed pollen was stimulated be-
cause of the ragweed hay fever problem of the Central and Fastern parts
of the United States. In the course of our studies of the Public Health
problems asscciated with this particulate, we have found it to have a
number of properties that are useful for studies of atmospheric dispersion.

As a particulate, ragweed pollen is remarkable uniform in size,
density and aerodynamic properties. The pollen grain is very nearly
spherical, Figure 1, although it is covered with blunt spines. 1In the
most prominent speciles, Ambrosia artemisiifolia, the range of size of
the pollen grains is from about 18 to 21 microns diameter.(l) The fall
speed in still air is very nearly 1.58 cm per sec,<2) from which, by
Stokes' lLaw, the density is computed to be about 1.3 gm per cms.

In size, therefore, this pollen falls well above the range of
particles which can be treated adequately be means of gaseous diffusion
ideas and experience, and well within the range of particles that are
frequently and relative efficiently airborne. 1In addition it is readily
available in bulk quantities and it is unmistakably identifiable. All
of these properties are useful in the experimental study of particulate
dispersion and penetration.

GROWTH OF RAGWEED AND NATURAL
. DISPERSION AND PENETRATION

Manner of Growth and Flowering

The manner of growth of ragweed, Figure 2, is more or less
familiar to all. The prominent spikes bear numbers (20 to 50 or so) of
cup-like units called involucres. Each involucre contains 6 to 12 male
flowers which tend to open at somewhat different times. Figure 3 shows
a male flower completely open, with all the pollen swept out. The sur-
rounding flowers remain closed and less elevated. Obviously the wind-
exposure of the flower is enhanced if only one flower in the involucre
opens at a time. In opening, apparently the central organ (pistillodium)
of this flower pushes the pollen in a moist sticky mass out of the flower
to dry. Portions of this mass fall to nearby leaf surfaces and to the
ground.

49~
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Figure 2.

Figure 3.

Closeup view of ragweed plant showing general struc-
tural characteristics.

The staminate flower of ragweed (A. artemisiifolia)
after the pollen have been carried away. a. The

pistillodium. b. The anther tails. c. The lobes
of the petals. Dotted lines show the level of the
ad jacent unopened flowers. Length of pistillodium

s

is about 2 mm.
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Ordinarily, the plant grows primarily in recently disturbed,
but untended, soil. Thus;it is found along fence and hedge rows, rail-
road tracks and in vacant lots in urban areas. Important rural growing
sites are roadside ditches and the stubble fields left after the harvest
of cereal grains. Thus,the primary dispersion of ragweed pollen is
accomplished in the natural distribution of the weed.

Wind Dispersion of the Pollen

Obviously the wind is the agent whereby the pollen of ragweed
become an air contaminant. The process that results in the elevation
of pollen from the plant surfaces (leaves, anthers, etc.) is similar to
that which lifts blowing snow or dust into the air. The pollen is favored
over solil by virtue of its initially elevated position and hence its en-
hanced exposure to the air stream, but in both cases, apparently, the
breakdown of the surface boundary layer is essential. Thus, all sizes
of dust particles remain earth-bound until the wind speed passes the
threshold at which the boundary layer is penetrated by occasional gusts.
This occurs over smooth soil when th? yind speed at anemometer level
(15 to 20 £t or so) is about 15 mph. '3’

Despite the favored position of great quantities of polled for
pickup by the wind, it is impressive that only a small percentage of the
total ragweed pollen crop ever becomes airborne, and that probably less
than 0.1 per cent of the pollen crop is carried more than 100 meters from
from the source plant. The pollen productivity of ragweed is prodigious,
however, so that even 0.1 per cent of the crop is a large quantity,

An additional consideration in the natural dispersion problem
is that of reflotation. It appears possible that all surfaces that
receive pollen by settling are potential secondary sources from which
the wind can refloat the pollen grains. Mechanisms such as the impaction
and flushing action of rain must tend to clean such surfaces, but in an
extended dry period within the pollen season, reflotation may be an
important process contributing to produce high pollen concentrations at
great distances from the primary source plants.

Field Observations

Investigation of the natural transport of pollen, during the
ragweed pollination season has been based upon a relatively complete
observational program centered at our field station on the prison farm
northeast of Jackson, Michigan. Figure 4 shows the 100-ft instrument
tower at this site. Instruments on the tower include millipore filter
samplers at 4 ft, 50 ft and 100 ft and anemometers at 12 ft, 25 ft,



Figure I,

Facillties of the fleld station. a. 100-ft. guyed
tower. b. Instrument hut. c. 110-220 v., 60
cycle, power lines, d. Standard weather station
instrument shelter., e. Shelter for blower and air
pumps. Details of tower instrumentation include.

f. 3~cup contact anemometers, g. Asplrated
thermocouples. h. 6-head volumetric sampling units.
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50 £t and 100 ft. Records of the wind speeds at these levels are recorded
in the instrument shack. In addition provision is made for routine
observation of temperature, humidity and rainfall at the station. Sun-
shine records are maintained at Ann Arbor, and it is assumed that these

in a general way, at least, are adequately representative of sunshine at
Jackson.

Figures 5 and 6 show graphically some of the results of the
field sampling program during the ragweed pollen season of 1956. The
days selected for these figures were choses for relative simplicity and
constancy of the weather situation. The general decreasing trend of the
pollen concentrations from early to mid-September is evident. Aside from
the more obvious anomalies, such as the excessively large sample at 100 ft
for period I (0030 to OL30 EST) on September 3, which may be attributed
to a mistake in handling or identification, the effects of wind speed and
of observable instability of the air are apparent. On September 3 and 10,
for example, 12-ft wind speeds above 10 mph appear to be associated with
markedly increased pollen concentrations. On these days also, the ver-

tical dispersion of the pollen "plume'appears to be relatively limited.

On September 2 and 7, however, a more marked vertical dispersion is ob-
served with generally lower wind speeds (7 to 9 mph) at the 12-ft level.
This improved vertical transport is correlated with atmospheric instabil-
ity shown by cumulus clouds on both days, and by a distinct onset of ver-
tical circulation indicated by the marked increase of wind speed at all
four levels between 0800 and 1100 EST on the 7th. On September 9 the
12-ft wind speed is remarkably low to have produced the reported pollen
concentrations at the 4-ft level; however, the higher level pollen samples
introduce new problems of interpretation which call for additional data.

In a general way these observations support the general
hypothesis, set forth earlier, that the boundary layer breakdown is a
necessary condition to launch pollen into the air stream. Under stable
air conditions the relatively higher wind speed produces this breakdown
by intensifying the wind shear across the boundary layer; and under un-
stable conditions, the boundary layer is disturbed by convective break-
through which serves to carry the pollen aloft at lower wind speeds.

Penetration Under Field Conditions

An experiment was devised to study the penetration of ragweed
pollen into an enclosure under natural conditions of wind and pollen
supply, during the summer of 1955. A standard contractor's field-
office structure was used for this study (Figure 7). After thoroughly
cleaning the test room, simultaneous pollen samples were collected in-
side the room and outside. The air in the room was continuously stirred
by four 12-in. oscillating fans.
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Figure 7. Field test house for ragweed pollen penetration
studies showing outside instrumentation.
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Penetration of pollen grains into the test room was assumed
to depend entirely upon the exchange of air between the room and the
outside. Hence the change of pollen concentration in the room should
be directly proportional to the difference between the pollen concen-
tration outside and that inside the room. Since the rate of exchange
of air is expressed by the ventilation rate of the room, this rate
also must be directly proportional to the rate of change of pollen
concentration inside the room. Superficial study of the data by means
of graphs suggested that the ventilation rate might be expressed as a
quadratic function of mean wind speed. It was necessary to devise a
simple index of ventilation rate that could be computed for each pair
(outside and inside) of samples. The index chosen was the simple ratio

X _ 1inside pollen concentration
m

outside pollen concentration

The relation of this index to the ventilation rate, k is superficially
indicated by the limiting cases:

-0 .,

-1

as k -0,
ask—)w’

BIXE|X

It was then possible to compute quadratic regressions for X as a func-
tion of sample mean wind speed, ¥. The results were as foTlows:

(a) windows closed, n = 117 sample pairs

= 16.69 + 1.39 ¥ + 0.32 7°

=R

(b) windows open 1 in., n = 88

X - 4,26 + 14457 - 0.60 72

m
(¢) windows open 3 in., n = 3k
’é: 23.56 + 20.31 ¥ - 0.92 ¥

In case (a) the regression is as anticipated. The term in 92 begins
to exceed the ¥ term at about 4.5 mph wind speed and becomes increas-
ingly important at higher wind speeds. In cases (b) and (c), on the
other hand, the effect of v° is very small within the range of wind
speeds encountered during the experiment, suggesting a fundamental
difference between the "open-window" and the "closed-window" venti-
lation processes.
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In general, the 52 term expresses the effectiveness of the
wind in generating dynamic pressure differences between the room and
the outside air which serve to ventilate the room through chinks and
cracks by virtue of a "pumping action". Evidently when the windows
were open as much as 1 in., the air exchange was so free that no
substantial pumping forces could be developed, and the ventilation
approached proportionality with v rather than ¥@

These findings are very similar to those of Georgii(u) who
found that ventilation of a closed room was related to wind speed by
an expression of the forma + b 72,

STUDIES UTILIZING ARTIFICIAL CONTROLS

Ragweed pollen very quickly disappear from the atmosphere
after the plants stop blooming. Studies by the botany group affili-
ated with this work show that in all likelihood the great bulk of the
pollen is very promptly attacked and digested by certain species of
fungi. It is possible, however, to procure pollen for use in experi-
ments outside the normal pollination period. At such times, the
pollen serves as a labeled particulate uniquely traceable to its
artificial source.

Artificial Emission of Pollen From a Bulk Source

A series of experiments was conducted for the purpose of
studying the details of pollen dispersal from a point scurce. An
additional objective of these experiments was to investigate the
feasibility of bathing & test structure with pollen in penetration
studies. Figures 8 and 9 show graphically the results of these experi-
ments. The source was a small dust atomizer from which pollen were
blown into the air stream. A three-dimensional array of impaction
samplers (coated microscope slides) was devised using four collapsible
frames. Fach frame supported 19 sampling stations, at each of which
were mounted one sampler facing upward and one facing upwind. In the
first experiment (Figure 8), the array was oriented to be downwind
from the source. In the third experiment, the objective was to bathe
a small test room (Figure 9, low-roofed part of superstructure), with
the pollen cloud using the sampling array as a means of monitoring the
cloud. Partly for this reason, but principally because other roof
obstructions prohibited it, the array was not wind-oriented in this
experiment.

The air brush has been used to show gradation of pollen con-
centrations as they are inferred from the impaction patterns, amd to
help emphasize the three-dimensional character of the flow.
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In the final test of this series, the penetration of the pollen
cloud (Figure 9) into the test room through the partly opened window was
investigated. The results of this test are shown in Table 1.

Table 1

Volumetric Pollen Counts in Test Room, May 16, 1955

Sample Time Pollen Average Average
No. (min) Count Wind Speed Ventilation
(mi/hr) Rate
1 0-3 oL 3.8 0.866
2 3-6 25 3.4 0.654
3 6-9 12 3.6 0.642
L 9-12 6 4.0 _—
5 12-15 1 L.7 —
6 15-18 1 4.8 —

Zero time in this table corresponds with the beginning of emission of
pollen by the dispenser, which lasted 1 min 50 sec. The average venti-
lation rate is defined as the number of air changes in the test room per
minute. The last two samples were too small to give reliable values for
the ventilation rate.

The first value for ventilation rate is probable less valid
than the second and third because of the rapid changes of outdoor pollen
concentration that necessarily occurred during the time of sample 1.

One is assured, however, that the outside pollen concentration was zero
within a few seconds after the dispenser was shut off, hence samples

2, 3 and 4 show only the effects of sedimentation and of dilution by
clean air. The second and third values for the ventilation rate are
therefore considered to be quite valid. These were computed using the
equation for ventilation rate under the condition of constant outside
concentration, m, which was zero after the first sampling period;

k= [&X 4+ ¥ 5) L
At h m-X

where k is the average ventilation rate for the time interval, At,
A x is the change of the inside concentration in the time interval, At,
w 1is the terminal fall rate of the particulate,
h is the vertical dimension of the test room,

and X is the average inside concentration for the time interval, At.
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The Use of Hothouse-Grown, Forced-Blooming Plants

Another means of exploiting ragweed pollen as a particulate
tracer material was suggested by the blooming habit of the weed. It is,
in botanical terms, a "long-night" plant, which means that it will bloom
if it is subjected to nights of the order of 14 hours or so. By bringing
plants of ragweed to physiological maturity in the greenhouse, and then
subjecting them to long night by artifical means, they can be forced to
bloom. This method has been used in a series of '"pre-seasonal' exper-
iments designed to show how the pollen is dispersed from plants in a
known source under field conditions.

The first such test was set up in June, 1956, around a source
of about 150 plants arranged in a 4-ft square. These were set out in a
mown meadow and surrounded by upward-facing impaction samplers at dis-
tances of 10, 20, 40, 80 and 160 ft. The samplers were supported 2 ft
above the ground and were set on radial lines at 40° intervals. Pollen
counts from this experiment have been totaled in Figure 10. To construct
this figure, the counts for each sampling period have been oriented
according to the rules that the sampling ray nearest the total wind vector
for the period must be directed along the +x direction, and that the wind
speed must average at least 5 mph. As a result, Figure 10 presents a
composite average picture, over a period of 31 hr, of the deposition from
the pollen 'plume'.

The figures represent pollen deposition reduced to the average
number of pollen grains caught in 6 hr on 1 cm? of coated slide surface.
The symmetry of the 0.5 line, which forms the outer limit of shaded area,
is remarkable, especially when viewed in contrast to the asymmetry of
the progressively denser areas near the source. The occurence of the
high counts far to the left of the average wind direction serves to em-
phasize the fact that the deposition patterns are produced by at least
two factors, the wind, and pollen availability. The interaction of these
two is probably of great importance near the source where extremely high
concentrations of pollen are encountered. Very small-scale, short-lived
gusts or eddies which happen to pick up an especially heavy load of pollen
may contribute heavily to the deposition pattern without contributing
substantially to the average wind vector. On the other hand, the more
distant deposition pattern depends most heavily upon the average wind
vector, and only slightly upon the wind details at the instant of pollen
flotation. Reflotation of pollen grains is an additional factor which
would tend to respond to the average wind vector and to improve the
symmetry of the deposition patterns with increasing distance.
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A second experiment of this same general type was performed in
June, 1957. The entire scale of the operation was increased for this
second experiment. Some 3,000 ragweed plants were grown and forced to
bloom. These were set out in flats to form a circular source of about
26 ft diameter. 1In addition, the entire operation was moved to the
tower site on the prison farm near Jackson. Figure 11 is a plan of the
array of samplers. Figure 12 shows a view of the ragweed plot and vi-
cinity as seen from the top of the instrument tower.

The instrumentation and the array of impaction samplers used
in this experiment was considerably more extensive than that for the
earlier one. Impaction samplers were placed 2 ft above the ground on
rays 20 degrees apart at distances of 20, 40, 80, 160 and 320 ft from
the center of the plot. Volumetric samplers were distributed at eight
points in this general array and at four levels on the tower. A newly
developed sampling system designed to give a continuous rather than an
intermittent record of particulate matter was also tried out in this
program. The data of this experiment are being analyzed.

In addition to these extensive experiments, a number of specific
laboratory-type studie? h%ge been made to clarify various details. These
are reported elsewhere 5-0),

CONCLUSIONS

Although this paper represents only a limited report of progress
with our research on Air Pollution by Aerocallergens, a few points may
be stated as firm conclusions derived from this work:

1. Ragweed pollen has numerous characteristics which make it
a useful particulate for studies of aerosol dispersion and penetration.
Its uniform size, shape and density are highly attractive properties for
a research material to be used in studies of the behavior of medium-sized
particulates. Its unique identity at all seasons except the natural rag-
weed pollination season meets all necessary tracer requirements.

2. Both the dispersal and the penetration of particulates
near 20 microns diameter depend heavily upon atmospheric motion, and
in particular, atmospheric turbulence. The relationship between wind
speed at the lower elevations and air turbulence is understood in a
general way by meteorologists, but the entire problem needs and deserves
more study. As yet no completely satisfactory quantitative expression
for air turbulence has been developed.



3. The cross-fertilization of ideas, language and research
approach that is accomplished by bringing workers from diverse disci-
plines together to attack a problem having elements of interest for
all is highly productive. In the present research, the collaboration
of botanists, allergists, statisticians, meteorologists and engineers
has proven to be most rewarding, and promises to yield important
successes in a difficult field.
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RESEARCH ON OIL-BATH CLEANERS

Seymour Calvert

INTRODUCTION

Dust was the controlling factor causing incredibly short
tank engine life in desert operations during the second World War.
To a less dramatic extent dust is a major cause of engine wear under
less severe conditions of road and cross-country vehicle operations.
Numerous types of air cleaners had been devised, used, and tested but
none were really satisfactory when judged by all of the criteria im-
portant to army vehicle operation. The air cleaner required had to
provide the features of high dust collection efficiency, long service
life, low restriction (air pressure-drop), and simple maintenance re-
qﬁirements. There was a further requirement that the air cleaner be
suiteble for (or easily modified for) use in severe winter service
where plugging with fine snow and ice is a major problem.

The Detroit Arsenal had been studying the problem of engine
wear for several years and had established with fair certainty the
importance of dust. By 1954 the Arsenal had set up a program which
consisted of development by air cleaner manufacturers, testing at the
Arsenal and other installations, and research at the University of
Michigan.

Tle research at the University was conducted as an Engineer-
ing Research Institute project under the supervision of Professor J.
Louis York and had the major objectives of:

1. With regard to general air cleaner design

a. Determining the basic principles involved in the mechanism
of operation of existing air cleaners and measuring the
limits and quantitative effect of these principles on
performance, with first emphasis upon tne oil bath units
now employed extensively.

b. Organizing these principles and quantitative measurements
to furnish a basis for evaluating new design, developing
improvements in existing cleaners, and developing new
designs.
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c., Furnishing technical background for preparation of
revised specifications for air cleaners.

2. With regard to snow problems

a. A study of the causes of snow clouds and their character-
istices.

b. A study of characteristics of vehicles which influence
the formation of snow clouds.

c. A study of Meteorological conditions such as temperature,
winds, ice and snow crystalline structure which are
conducive to cloud formation.

d. Analysis of the flow of air through the induction systems
of the vehicles encountering the accumulation of ice and
sSnow.

e. Effects of the geometrical arrangements of the air induc-
tion system.

f. Effects of components such as filters and carburetors.

g. Effects of the nature and type of snow and ice crystals
suspenced in air.

GENERAL PROBLEMS IN AIR CLEANER DESIGN

This report deals with the general problems of air cleaner
esign as related to dust collection. Once the decision had been
made to study oil-bath air cleaners the specific problems could be
set by an analysis of the significant components of oil-bath air
cleaners. Considering the oil-bath cleaners from the standpoint
of dust collection, they are seen to consist of two major zones of
action. Figure 1 shows the cross-section through a typical oil-
bath air cleaner. The first zone encountered by the air is the
baffle region in which the air stream is deflected by a relatively
large conduit element (baffle) and simultaneously contacted with oil.
T.ie second zone is tue packed section in which the air stream leaving
the baffle passes through an array of small solid bodies such as wire
screen or other fibrous packing. The functions of the baffle section
are to remove the larger dust particles and to introduce oil which is
carried to the packed section. The functions of the packed section are
to remove the smaller dust particles and also to separate the entrained
0il from the air stream.

In order to design an air cleaner it would be necessary to
know how to predict dust collection efficiency, pressure drop, and
limiting air flow rate. Most of the discussion here will be on dust
collection so work on t..e other two points will be summarized briefly
before taking up dust collection efficiency.
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PRESSURE DROP AND AIR FLOW PATTERNS

Air flow patterns and pressure drops were studied experiment-
ally in models of the principal elements and in full-scale commercial
alr cleaners. Equations were developed analytically to describe the
pressure drop in the baffle and packed sections and the predictions
of these equations agreed satisfactorily with the experimental data.
Because of the complexity of the air cleaner geometry it was not pos-
sible to make any quantitative predictions of flow patterns and these
had to be studied entirely on an experimental basis.

A comparison of the pressure drops in the various sections
of a commercial air cleaner is given in Figure 2. It 1s interesting
to note that almost two-thirds of the total pressure drop occurs in
the entry region which has no influence on dust collection efficiency.
Although the inlet baffle is required to prevent major oil loss in the
event of a backfire, its effect on pressure drop can be minimized by
the use of guide vanes. Pressure drop for alr flow through fibrous
beds can be predicted for high-porosity beds by means of an equation
based on the drag coefficient for a single fiber. Figure 3 shows a
plot of predicted pressure drop group versus air velocity for the
flow of air through round steel wire. (It should be noted that this
relationship involves constants which are evaluated for the specific
system.) If the average distance between fibers is less than about
8 fiber diameters it is necessary to take contractlon losses into
account and the validity of the single fiber model fades as the bed
becomes more dense.

LIMITING AIR FLOW RATE

The air flow rate is limited by the point at which oil is
carried out of the air cleaner. This corresponds to the flooding
point in packed columns. Experimental data on several types of lube
0il in beds of steel wool end wire grids were satisfactorily correlsted
by the method of Sherwood. Figure 4 shows the experimental data
plotted slong with the lines representing flooding points for a
variety of packed columns and fluids.

It is interesting to note that the packed section is designed
(at least implicitly) as an oil entrainment separator rather than as a
dust collector. At least two-thirds of the volume of the air cleaner
is devoted to this function. It will be seen later that the contribu-
tion of this section to dust collection efficiency is relatively minor.
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The essential design criterion is that the air velocity be kept below
about 10 ft./sec.

DUST COLLECTION

Before getting into the problem of predicting dust collection
efficiency we have to consider what kind and size of dust must be
collected. Briefly; we do not know exactly. What we do know is that
A. C., Fine Test Dust is fairly representative of the size distributions
which have been encountered in dusty operations and that particles
larger than about one micron in diameter contribute significantly to
engine wear. What we do not know is exactly what size distribution,
particle shape, and density will be encountered in a specific operating
situation and particularly, the extent of agglomeration of particles
in the air stream entering the cleaner.

We can study the problem of dust collection efficiency from
the point of view that we are interested in the collection of particles
about one micron and larger in diameter and with densities around that
of silica. Thus the major mechanism of collection will be inertial
impaction. There are two variants of the inertial impaction mechanism
in the air cleaner. In the baffle region the entire air stream is turned
and the particles which can't make the turn collide with the baffle wall
and presumably stick to it or the o0il on it. In the packed section
small elements of the air stream are diverted around the packing fibers
and the particles which can't turn quickly enough strike the fibers.

A comparison of the predicted collection efficiencies for
the baffle section and the packed section indicated that the efficiency
of the packed section is so much higher than that of the baffle that
the overall efficiency of the cleaner is determined by the packing.
Using an approximate method based on the distance particles would be
pitched into still air before stopping and an estimated flow pattern
it was determined that the baffle would remove all particles larger
than 15 microns and practically none smaller than 5 microns. These
results checked with tle predictions based on Ranz and Wong's data on
collection efficiencies of jets impinging on plates.

The major concern was with the collection efficiency of
the packing. Collection efficiencies for single elements have been
predicted by several investigators and some experimental data are
available. Figure 5 shows the data of Langmuir and Blodgett and
Ranz and Wong. When it comes to using these data for a bed of fi-
bers one faces the problem of having to decide what effect the pres-
ence of other fibers has on the situation confronting an individ-
ual fiber. Two extreme cases were considered. One case is that
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where there 1is negligible mixing in the air stream and each fiber sweeps
out a "clean" path so that the fibers downstream confront air which has
either the original dust content or the "swept" content. The other

case 1s that where there is complete mixing of the air stream so that
the dust content of the air downstream from a fiber is the average of
the swept and unswept air. The effect of making one assumption or

the other is greatest for shallow beds (something like 10 layers or

less of 10 mesh screen) and becomes negligible for deep beds.

For the assumption of no mixing the total collection efficiency
is given by:

e =1 - (1 - np)™ (1)
Where

Mpt = fraction of particles of diameter "D" collected
by the bed.
Np = fraction of particles of diameter "D" collected
by one fiber.
n = number of "layers" of fibers (assume that the fibers
are arranged in a square grid).
Y = fraction of flow cross-section blocked by wire in
any layer.

For the assumption of complete mixing the total collection
efficiency is given by:

TIDt =1 - (l = YTID)n (2)

EXPERIMENTAL, DETERMINATION

In order to establish the nature of the behavior of groups
of fibers, experimental studies of dust collection efficiency were
undertaken. Collection efficiencies for oil-washed beds of round
wires were determined using 0-30 micron silica dust. The data in-
dicated that the collection efficiency predictions of Langmuir and
Blodgett plus the assumption of no mixing described the situation for
shallow beds (12 layers of parallel 0.0125" wires on 1/8" centers).

Further study of stacks of parallel wire and screen assemblies
was undertaken using salt dust as the test aerosol and using dry wires.
The purpose of this study was to explore the effect of wire spacing
on mixing. A sketch of the apparatus is shown in Figure 6.
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1. The test section was made of Z2-inch (ID) lucite tubing.
It was bullt so that a number of brass rings, which supported the wires,
could be stacked on top of a tube and another length of tubing placed
on top of the stack. The assembly was held in place by a lucite sleeve
and the result was a continuous duct of 2-inch internal diameter. The
test grids were 27-3/4 inches above the salt-dust entrance. The remov-
able sleeve permitted removal of the stack of test grids after a run
so that the salt could be washed off in a beaker of water.

2. The test grids were brass rings to which 0.003-inch-
dismeter Alumel wire was glued in parallel lines 1/8 inch apart (center
to center). The rings were 2 inches (ID) x 2-1/4 inches (OD) x 1/32
inch thick. In some runs blank rings were used as spacers. ©Some tests
were also performed using circular pieces of lh-mesh copper wire screen
(0.011-inch wire diameter) rather than the parallel grids.

%. The exit-air sampler was an isokinetic type, employing
MSA 1106B glass-fiber paper as the filtering medium. The ratio of
total air rate to sampler air rate was 28.4. Isokinetic conditions
were maintained by matching the sampler air rate to the mainstream
air rate by a throttle valve and rotameter leading to an aspirator.

4. The salt-dust generation system involved an aspirating
atomizer installed in a chamber containing a large volume of saturated
salt (NaCl) solution. The spray was directed at one wall of the chamber
so that large drops struck the wall and ran back down. The smaller
drops were carried into the spray-drying chamber by the atomizing air.
In the spray-drying chamber the drops were mixed with air which had
been dried in a desiccant-packed tube. The dried salt particles were
then transported through a 1/Z-inch (ID) plastic tube to the test-
section entrance. The entrance consisted of a "Y" tube connected to
two l/2-inch tubes entering t.ue test section from opposite sides.

Thus the salt-dust stream split into two portions which entered the
test section through two diametrically opposed tubes.

5. The main air stream was supplied by an air-jet ejector
pump and metered with a calibrated rotameter.

PROCEDURE

Collection efficiency was determined in this apparatus for
groups of 12 and 24 parallel wire grids and for groups of 10 and 20
screen discs with several variations in spacing between grids. The
amount of salt dust collected on the wires was determined by washing
the wires in a known volume of distilled water and then analyzing for
salt content by an electrical conductivity measurement. The concentra-
tion of salt dust in the air leaving the test section was determined
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by similar analysis of the salt retained on the filter paper in the
isokinetic sampler. From these measurements one can compute the total
dust load in the air approaching the collection wires and also tue
percent collected.

The isokinetic sampler was checked against an absolute filter
and the agreement was considered adequate although not perfect. The
major difficulty in making this comparison was that the rate of salt-
dust generation was not uniform but varied from about 0.0045 gm/min
to 0.0075 gm/min. The agreement between the sampler and the absolute
filter was about + 10%. Measurements of dust distribution around the
test section were made, but since these could not be made simultaneous-
ly,the results, which show as much as twofold variation, are not con-
clusive.

Dust-particle size was determined by a visual count of a
sample collected on & microscope slide. The sample was collected by
introducing the alrstream from the dust-generator outlet tube into
the top of a l1-foot-high, 3-inch-diameter tube which was set verti-
cally over the slide and allowing the dust to settle on the slide.
Several checks indicated consistency in this method and there does
not seem to be any sampling bias. The size distribution was quite
constant and is shown on & logarithmic probability plot in Figure 7.
Weight distribution was computed from number distribution by means
of the formula

MmX'=mX +34mo )2
g g g

where

1

geometric mean diameter by number,
geometric mean diameter by weight, and
standard deviation.

Q P4 PS
o

(00!

RESULTS

The experimental collection-efficiency data are shown in
Figure 8 and Figure 9 which are plots of collection efficiency vs.
air velocity for the parallel wire grids and the wire screen, respectively.
Also plotted on these figures are the dashed lines representing predicted
collection efficiency, using the Langmuir and Blodgett data and assuming
either complete mixing of the airstream or no mixing, as indicated on
the plots. This prediction involves the use of collection efficiencies
for single wires which are presented in Figure 5, a plot of collection
efficlency versus air rate with particle diameter as the parameter.
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DISCUSSION OF RESULIS

The most significant observation is that the predictions
are close at low velocity but depart appreciably from the experimental
data as velocity increases. The effect of increasing bed depth is in
general agreement with the theory, although it is not possible to
determine the amount of mixing from these data. There is a definite
effect of axial spacing; but, since it is in opposite directions for
the parallel wires and for the screens, any discussion of the mechanism
involved would be purely speculative at this point.

The data obtained are not sufficient to establish any
correlation, but they definitely indicate that collection efficiency
is lower than predicted on the basis of the impaction mechanism. The
obvious explanation is that some of the particles bounce off the
collecting wires. An attempt was made to obtain some information on
this by teking high-speed motion pictures and high-speed flash pictures
of a dust-laden jet striking a wire. Unfortunately, there was not suffi-
cient resolution in these pictures to show the particle trajectories.

A few exploratory runs were made using wires coated with
Cenada balsam to see whethier this would raise collection efficiency,
but it did not. The use of oil fog was also explored but the analyti-
cal difficulties made this brief study inconclusive, except for one
point: that collection efficiencies for round Jjets striking flat plates
were lower than predicted. ©Stated another way, this meant that the
particle size passing through the impaction zone was larger than predicted.

The conclusion is that particulate collection efficiency is
by no means completely described by the theoretically derived impaction
efficiencies. The fact that predictions agree well with data for wetted
wires can be considered fortuitous and may result from a different mech-
anism than has been assumed.

CONCLUSIONS

Relationships have been developed which enable the design of
oil-bath air cleaners with regard to pressure drop characteristics,
flooding point, and dust collection efficiency. The accuracy of
collection efficiency predictions must be regarded as fortuitous since
they are not valid for dry wires., The necessity for further experi-
mental in.estigation of dust collection efficiency is indicated.
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APPENDIX

As part of the presentation of the paper,
a series of motion pictures was shown. This
sequence showed a section of an oil-bath air
cleaner operating with snow in the intake air.
Figures 10, 11, and 12 are representative of

the operation as pictured.
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cure 10, Flow path through alr cleaner shown by
steam condensate on window.
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SNOW AND OTHER SMALL CRYSTALS

Ernst Katz

Crystals have attracted the attention and fancy of man since
times immemorial. In the early days of the scientific age the first
laws were established, the laws which govern the macroscopic symmetry
of crystals. A classification of all possible crystals into 32 groups
was established as a result of these laws.

Further research has clarified the microscopic, structural
symmetries. This analysis was greatly stimulated by the invention of
X-rays and their application to the study of crystals. The result was
an ultimate classification of all possible crystal structures into 230
symmetry groups. In all these theoretical and experimental studies the
efforts were directed entirely towards the ideal or perfect crystal.
Until one began to wonder whether anybody had ever seen such a thing as
a perfect erystal. An indeed, today we know that perfect crystals do
not exist, perfect in the sense that they consist of a regular, exactly
periodic array of atoms or atom groups.

During the last thirty years great advances have been made in
regard to the study of crystal imperfections, especially those known as
dislocations. It is becoming more and more evident that each individual
crystal is permeated by a fine network of dislocation threads or lines,
which give it its individual character. Much to the despair of the
crystal physicist, no two crystals of the same material will yield exactly
the same results when subjected to careful physical measurements. Even
the law of constant angles, which is historically the first law and has
long been considered as the very foundaion of crystallography, must be
taken with a play of the order of a few tenths of a degree of actually
measured deviations.

The cause of all this variability, the dislocation, has emerged
from a purely hypothetical entity to something which can in many cases
be observed directly by means of the electron microscope as well as by
other techniques. In most cases studied, it can be shown that a crystal
will grow more readily for a nucleus which has a least one screw-dislocation
present.

Figure 1 shows the atomic arrangement, like a spiral staircase,
at a screw dislocation. Below is seen how the ridge will gradually wind
up to a spiral when such a crystal starts to grow. The presence of screw
dislocations in a crystal during growth gives rise to spiral terraces
on the surface of the crystal, and these can be observed.
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Figure 1. Development of a spiral step produced by intersection of
a screw dislocation with the surface of a crystal. FEach
cube represents a molecule. (After F. C. Frank.)

Figure 2. Growth pattern from single dislocation on single crystal
of paraffin n-056H7u. [Electron micrograph courtesy of
H. F. Kay and B. J. Appelbe, after Dawson and Vand, Proc.

Roy. Soc. (London) A206, 555 (1951).]
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Figure 2 shows an example of a paraffin crystal examined under
the electron microscope where the spiral terraces can clearly be seen.
The terrace steps here are found to be one atomic layer high, and this
is often the case, although for some materials such as SiC terrace steps
of several atomic layers height have also been observed. Beautiful and
very complex spiral patterns have been observed today on many crystals,
and it is known, for example, that the elastic strength of a crystal is
greatly weakened by the presence of many dislocations.

Experiments on dendrites or whiskers, small, needle-shaped
crystals, of certain metals such as Sn, Fe, Cu, have shown that under
sultable conditions of growth these crystals have an elastic strength
of the order of 100 to 1000 times that of bulk material. There is
strong evidence that this+high strength is due to the presence of very
few, possibly only one, dislocations. Thus I want to point to a field.
of research in small crystals which, though not actively pursued by my-
self, may lie close to your interests and, as will soon become clear,
also to mine.

I have indicated that a good deal of progress has been made,
and much insight has been gained in regard to certain branches of crystal
physics, namely those concerned with the structure of the ideal crystal,
and with structure faults or dislocations. There is, however, a different
area of questions, equally old, and equally fundamental, in which very
little work has been done. I mean all the questions associated with the
form into which a crystal grows. This area is at present merely in its
infancy.

It is, of course, well known that the forms of crystal depend
sensitively on many external circumstances. One of the oldest experiments
in this field shows that ordinary salt, NaCl, crystallizes from a water
solution in cubes, but when some urea is added, it takes the form of
octahedra, although its inner structure, the microscopic arrangement of
the Nat and C1- ions, is the same in both cases. As early as 1883
Lehmann published several books, showing how the forms of crystal forma-
tions could be used for the identification of chemicals and/or chemical
impurities, but his work has not been picked up for some time.

I became interested in questions of crystal forms through more
recent work of E. Pfeiffer, who developed a method whereby a solution of
CuCl, is allowed to evaporate slowly under controlled conditions of
temperature and humidity. If the CuCl, is pure and the concentration
chosen right, the crystals form characteristic, starry patterns on the
bottom of the dish, covering only a small portion of its surface. The
addition of relatively small amounts of foreign substances or impurities
changes this pattern drastically.
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For example, Figure 3 shows a pure CuCl, pattern, and a pattern
obtained from a slightly more dilute solution to which a few drops of
fresh lemon juice had been added. An entirely new type of pattern, cover-
ing the entire dish with a delicate crystalline growth results. Figure 4
shovs a similar picture with a somewhat more concentrated solution of
CuCly. Its forms are reminiscent of frost patterns observed on windows
in winter.

The effects of such added impurities are often very specific.
Lemon juice consists largely of water, and the principal chemical body
dissolved in this water is citric acid. If the same experiment is per-
formed with an equivalent amount of pure citric acid added to the CuClso
solution, a pattern as shown in Figure 5 results, which, as you see, is
quite different from that of whole lemon juice, and can also easily be
distinguished from that of pure CuClo alone.

Prfeiffer has worked this method out empirically and developed
a sort of assaying technique for biological and medical purposes. Figure 6
shows some work of Pfeiffer, where he started with CuCl, solutions some-
what more concentrated than mine. The upper left corner shows the blank
with pure CuClz, the other pictures show the results of additions of small
amounts of various Jjuices of plants or blood from animals.

You can see that this has possibilities in various fields of
application, but from a fundamental standpoint these pictures raise a
host of questions as to the factors governing the forms of the patterns,
which are at present far from being answered.

It occurred to me that perhaps an understanding of the shape
of snow crystals might be simpler to attain, and pave the way to a pos-
sible later understanding of these more complicated forms. I soon found
that even for snow the problem is very complicated, but at least more
carefully controlled studies under simpler conditions have been reported
here, especially by Nakaya in his famous book on snow crystals. I want
to summarize now some of Nakaya's most striking results because I want
to get work started along similar lines, in the hope that the form prob-
lems may be more easily solved in the case of the snow crystals than in
the case of the CuCl, crystals with which I have done some work so far.

Nakaya presents us in his book with the world's most complete
set of snow crystal photographs. He classifies all the forms which occur
and relates their occurrence to the weather conditions in the upper
atmosphere, insofar as known. Snow crystals are not always of sixfold
symmetry, nor are they always flat, but Figure 7 gives a condensed survey
of some nine principal forms of flat, sixfold symmetry. He gave names
to these types as follows:
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Migure 5

(a) 10 cc CuClp 0.2% and 0.02 cc lemon Julce

(v) 10 cc CuCly, 1% blank with stars

Figure 4. 10 cc CuClQ 0.5% and 0.1 cc lemon Juice,
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Figure 5. 10 cc CuCl, 0.67% and 0.2 cc 5% citric acid.

Figure 6

Crystal Patterns Obtained by E. Pfeiffer (ref., 1)

Upper left: 20% CuCl, blank Upper right: 25% CulCl, and one

drop extract from Agéva Americana.,
Center right: 15% CuCl, and 0.05 cc
rooster blood.

Lower right: 15% CuCl, snd 0.05 cc
rat blood.

Center left: 5% CuCl, and one

drop Camomile flower extract,
Lower left: 15% CuClQ and 0,05
cc blood from human female,
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rlates

sectors

plate with twigs

broad branches

star

dendritic form

fern

dendritic form with plates
plate with dendritic extensions

HoB0R D0 T @

It is clear that a number of combinations can be made of the
structural elements plate, broad branch, sector, line. Nakaya shows
hundreds of the most beautiful photographs of all varieties and I want
to present a quick idea of his pictures by means of a few of the
characteristic ones.

Figure 8 shows some pure plates with various built-in designs.
Figure 9 shows a plate with broad fernlike branches.

Figure 10 shows a smaller plate with slighly dendritic, almost
starlike, branches.

Figure 11 shows a still smaller plate, the branches are now more
fernlike.

Figure 12 shows a snow crystal with no center plate and branches
whose side arms are broadened into sector~like shapes.

Figure 13 shows a pure star.

Figure 14 shows a plate with broad branches at the ends of
which we find again new plates.

And so we can go on and on. But there are also more unusual
forms.

Figure 15 shows a crystal with what looks at first sight like
a twelve fold symmetry. Such crystals are not rare and Nakaya discovered
that a slight pressure, exerted by means of a toothpick, in the center,
will usually separate them into two sixfold-symmetrical crystals. Still,
the question remains why the two would attach to each other in such an
almost perfectly symmetric way. Their similarity in structure indicates
that they must have come together at a very early stage and fallen through
the same atmospheric conditions as one crystal. It also indicated that
the atmospheric conditions are responsibile in a reproducible way for the
forms of the branches and side branches.



Figure 7.
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(c) (f) (

Classification of regular plane crystals: (a) simple plate;
(b) branches in sector form; (c) plate with twigs; (d) broad
branches; (e) simple stellar form; (f) dendritic form; (g)
fern-like form; (h) dendritic form with plates; (i) plate

with dendritic extensions.
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Figure 10.

Figure 9.
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Figure 11.
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Figure 1h.

Figure 13.
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Figure 15.
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Figure 16 shows another unusual type, definately not flat,
called "Japanese drum" or "tsuzumi". I believe it is called "axle with
wheels" in this country.

Figure 17 shows snow crystals in the form of hexagonal "bullets",
with a point and a prismatic body, separate or aggregated. It is striking
that often bullet aggregates form by sticking the points together, and
very often the angles between the bullets are multiples of 60°. Although
the latter feature is not evident from this picture, there are other
pictures in Nakaya's book which show this very strikingly.

Figure 18 shows & column, which may possibly have been formed
by two bullets growing together at 180°.

Figure 19 shows a frost crystal of a frost of a very unusual
type designated as cup shape. A number of variations of this type have
been encountered.

This study would have been a work of art rather than of science
if it were merely a collection of these beautiful pictures, with some
sort of classification. However, Nakaya went beyond this. He decided
to try to grow man-made snow crystals, something which nobody ever had
dreamt of before,

Figure 20 shows the very simple appartus he used. The upper
part of the apparatus is kept at a temperature Ty, the air temperature,
usually between 0° and -20° C. The lower section contains water which
is kept at a temperature T, usually between 0° and +10° C causing super-
saturation of the colder air with water vapor. Under these conditions
no snow forms as yet. A nucleus must be provided. Nakaya mounts at H
the hair of a Japanese snow rabbit. On this hair the snow will nucleate
and grow and can be observed through the microscopic M. In the course
of a time of the order of one or a few hours Nakaya succeeded in growing
the first man-made snow crystal, Figure 21. If you look carefully you
can still see the hair near the center, running perpendicular to the
flake and therefore soon out of focus. The crystal is a little uneven
because the apparatus is not quite symmetrical and gravity is a one-
sided influence. Iater crystals were rotated to get more perfect
symmetry.

It is clear what the next step must be. Varying the two
variables Ty and Tw’ the temperatures of air and water, and growing
lots of artificial snow crystals and finding what their forms look like.
This was done and it was found that definite regions in the T5 - Ty
plane belong to definite form types.
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Figure 22 shows the results of this study, carried out by one
of Nakaya's associates. It is seen that definite regions of the plane
belong to definite form types. As a result they were able to grow
crystals of any form to order. If, for example, you want a central plate
with six dendritic arms and then again plates at the ends, you must first
make conditions, for example Ty = -15°, T, = 12°. You watch the crystal
grow and after a time of the order of half an hour, when you see that
the plate has formed you change T, to 17°, keeping T, constant. That
brings the process into the dendritic region and arms will now grow.

When they are long enough to your taste you return to T = 12° and at

the ends of the arms nice hexagonal plates are formed. Thus by program-
ming his variables Nakaya is able to grow snowflakes of any form to order.
He shows many pictures, comparing natural snowflakes and artificial ones

of the same form type. The agreement obtained is so striking that you
would not be able to tell one picture from the other, were it not for

the inevitable rabbit hair running through the artificial crystal. Studies
like these can shed a great deal of light on the precise atmospheric
conditions under which snow is formed.

Figure 23 shows a cup grown in his equipment. Even this is
possible.

CONCLUSIONS

The researches on snow crystals have not, as yet, by any means
resolved all questions regarding the factors determining the form of
crystals, let alone the mechanism by which they operate. But they have
brought into the laboratory, for further study, what was before high up
in the air. It is reasonable to hope that researches such as those
described, if attacked in the future with the necessary theoretical back-
ground, may lead to & more precise understanding of the forces that
determine the growth and form of crystals in general.



Figure 21. The first snow crystal made in the laboratory (X 22.5).

tv
! | needle
Te :x o scroll
| x : ¢ plate & sector
o \ \ ol @ plate & sector, thick
30} \‘ : o' * dendritic
\ @ spatial assemblage of plates
e @ column
x irregular needle
o I
o
251 . o *
I
* *
*
o
. * % 11
20} . x £ © L
o0 KEE KK
(]
* ¢ 0O *k X g *
* . g
* OX kK X
, OXkRK X
15F . OV*** 000 ©
ol % *o*/
VI .OO o
LU VB
\ @ *_o/
10}
Sk
=
v
N A . "
0 -5 -10 -15 -20°C Ta

Figure 22. External conditions controlling the form of snow crystals:
Tg - T, diagram.



Figure 23,

Well-developed cup crystal (X 26).
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GAS DESORPTION OF NICKEL POWDERS

M. J. Sinnott and J. F. Watson

A study has been made of the gases desorbed from a variety
of commercial nickel powders when heated to elevated temperatures.
The study included the determination of the amount, composition, and
temperature-dependence of the desorption.

The results of these tests showed that volumes of as much as
seven milliliters of gas (standard temperature, pressure) per ten grams
of sample were evolved from t..e powder at 1800°F. All gas mixtures
collected were composed of one or more species from a group consisting
of Hy, H0, CO, Ny, CO, and SO,.

The results of this investigation confirmed the hypothesis
that the mechanisms of gas evolution and the types of gas evolved from
nickel powder heated to 1800°F are dependent upon how the nickel powder
is produced.

Problems which arise during processing metal powders include
dimensional instability, incomplete welding at the particle interfaces,
and uncontrolled porosity. The causes of these problems are not fully
understood, but it is believed that gases liberated during sintering
are largely responsible for the observed deleterious effects. These
gases are usually attributed to one or more of the following sources:
gases dissolved in the metal powder; gases resulting from chemical re-
actions between the sintering furnace atmosphere and tne powder; gases
entrapped in the pressed compact; and gases adsorbed on the surface of
the powder. When gases from any of these sources are liberated after
the interior voids have been closed, they are entrapped in tnese voids
and prevent further densification. In extreme cases thls interior
pressure may cause the compact to grow.

It was the purpose of this investigation to determine the
amounts and compositions of the gases liberated from nickel powders
at elevated temperatures, and to determine tue mechanism of their
evolution. The powders were heated under an inert atmosphere in a
loose condition so that chemical reactions witih the atmosphere and
mechanical entrapment could be eliminated as sources of gas. It was
reasonable to expect that powders manufactured by different techniques
would exhibit different gas evolution canaracteristics; consequently a
variety of powders produced by several methods were examined. The
temperature dependence of the gas evolution from these powders was
studied over the range of 70°F to 1800°F. The source of the liberated
gases was studied by investigating tne influence of surface treatments
on the subsequent gas evolution.
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The literature pertaining to the general field of gas-metal
systems is voluminous, but very little of it applies directly to the
subject of this investigation. The general topic of gas adsorption
has been thoroughly covered K but this work is generally conducted at
or below room temperature. The reverse mechanism, desorption, which
is considered in the present work, has received very little attention,
especially at the elevated temperatures such as those used in the powder
metal industry.

The gases evolved from nickel wire heated to 750°C were found
to consist of carbon dio?ide, carbon monoxide and hydrogen in some tests
by Smithells and Ransley l). Several hours were required for the com-
pletion of the gas evolution which led Jones to postulate that dissolved
gases were diffusing to the surface 2). This lead to the conclusion
that the controlling factor was the rate of diffusion of dissolved oxy-
gen. Warren and Libsch investigated the gases evolved from iron-cobalt
compacts at 1400°C and found that compacts heated und?r helium possessed
greater permeability then those heated under hydrogen 3 This effect
was explained by assuming that the hydrogen reduced surface oxides fast
enough soO that the reacted gases could escape before the pores were sealed.
In the other case, dissolved carbon reduced the surface oxides, but the
diffusion of carbon was too slow to allow the gaseous products of the
reaction to escape before the interior voids were closed. In another
experiment by the same authors, pure cobalt was heated to 1000°C under
vacuum and the evolved gases were collected. About 1.6 milliliters of
carbon dioxide per gram of cobalt were liberated. The source of the
gas was attributed to chemisorbed carbon dioxide, and reactions between
dissolved carbon and surface oxides. Duftschmid, Schlecht, and Schubart
found that carbon dioxide and carbon monoxide were liberated from carbonyl
iron powder l‘). These gases were shown to be the products of reactions
between dissolved carbon and iron oxide. Tobin and Sinnott collected and
analyzed the gases desorbed from a series of copper powders, and found
that water vapor, carbon dioxide and sulfur dioxide were desorbed on
heating to 1400°F 5). The source of these gases was shown to be surface
compounds. Fedorchenko, in experiments with nickel powder compacts, ob-
served growth at elevated temperatures which he attributed to gas evolu-
tion and the release of internal stresses 6 .



EXPERIMENTAL PROCEDURES

The experimental data obtained in this investigation were
derived from five procedures: measurements of the total volumes of
desorbed gases; measurements of tine cumulative volumes of desorbed
gases, vacuum fusion analyses, x-ray diffraction, and electron dif-
fraction. The gas desorption studies made use of a gas desorption
apparatus, while the vacuum fusion, x-ray diffraction, and electron
diffraction analyses were performed on commercially available equip-
ment.

Testing Methods

The gas desorption apparatus used in this investigation was
a modification of equipment previocusly used by J. C. Tobin(7). Quartz
was substituted for Vycor in the sampling tubes because of the higner
operating temperatures involved in the present program. A schematic
diagram of this equipment is shown in Figure 1.

Two gas desorption techniques were employed. In the total
gas desorption runs, it was desired to collect all of the gases liberated
from the powder before tuey could react with the hot powder. This was
done by placing a liquid nitrogen cold trap in the system so that the
reactive gases were condensed before they could react. In the cumulative
gas desorption runs, it was desired to keep the manifold pressure con-
stant, and to allow the desorbed gases to approach equilibrium with the
hot metal powder at a series of temperatures, so that the ensuing gas
evolution could be studied as a function of temperature.

X-ray diffraction investigations were made on the ball mill
fines resulting from the short-time ball milling of nickel powders.
Coarse samples of powder, -70 + 100 mesh, were ball milled in porcelain
ball mills for about ten minutes. The powder was then sieved tiarough
a ~-525 mesh screen and the fines were used for x-ray powder pictures
using normal Debye-Scherrer techniques. The short times of milling and
the coarse fractions of powder insured that only surface layers would
be removed and subsequently analyzed. The porcelain mills and balls used
prevented contamination of the powder. As an additional safeguard, the
mills and balls were boiled in nitric acid for fifteen minutes, washed
in distilled water, and dried at 2Z00°C overnigut before use.

Electron diffraction investigations were made on both powdered
and massive nickel samples. Initial work was done on very fine -325
mesh powder, but polished surfaces of massive nickel were found to yleld
slightly better results. Both transmission and reflection studies were

attempted.
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The vacuum fusion analyses were performed on a standard
National Research Corporation vacuum fusion gas analysis apparatus.

Description of Powders

The materials selected for examination in this program rep-
resented a variety of commercially available powders. The first
nickel powder was produced by steam scattering in air and will here-
after be designated as MD9119 powder. This powder was produced b,
subjecting a stream of molten electrolytic nickel to a jet of steam
which atomized the nickel and gave each powder pellet a roughly
spherical shape. This technique resulted in a powder covered with
a dull nickel oxide film, containing some nickel-nickel oxide eutectic
in the grain boundaries.

The second nickel powder was prepared by steam scattering in
alr followed by an annealing treatment in cracked ammonia and will here-
after be designated as PM273 powder. This powder was prepared in the
same manner as the MD9l19 powder, but after atomization was subjected
to an annealing treatment at 1400°F for 45 minutes under a cracked
ammonia atmosphere. This powder exhibited a much brighter appearance
than the MDJ119 powder, because tne annealing treatment had reduced the
surface oxides.

The third powder was prepared by hydrogen reduction from a
nickel-ammonia complex aqueous solution and will hereafter be desig-
nated as S5G321 powder. The details of this manufacturing process have
been described by Forward and by Mackiw, Lin, and Kunda( ’9).

The fourth nickel powder was produced by steam scattering in
a nitrogen atmosphere followed by an annealing treatment in hydrogen and
will hereafter be designated as FM powder. This powder presented a very
bright appearance, because the nitrogen atmosphere had minimized surface
oxidation, and the hydrogen annealing operation had removed any remain-
ing surface oxides

Experimental Results

MD911l9 Powder

The total veolume gas desorption analyses on three mesh
fractions of this powder in the as received"condition are shown in
Teble I. Other total volume gas desorption analyses for this
powder in the ball milled and rinsed conditions are shown in Table
IT for the -70 +100 mesh fraction. The data showing the behavior of
this powder after being rinsed in nitric acid and then being re-exposed
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TABLE I

TOTAL AND CUMULATIVE GAS VOLUMES FOR TEN GRAM SAMPIES
HEATED TO 1800°F IN THE AS RECEIVED CONDITION:

MD9119 POWDER

Total Volume Cumulative Volume

Volg%e, g;! at STP Volumef ml. at STP
Mesh Fraction Ho HY p o0y Total Hp Hy o ©0p Total

- 70 + 100 0.0 0.2 0.1 1.9 0.6 2.8 0.0 0.2 0.1 1.5 0.1 1.9

- 100 + 200 0.0 0.5 0.3 2.5 0.9 4.0 0.0 0.5 0.3 2.4 0.1 3.3

- 200 + 325 0.0 0.2 0.7 4.2 1.5 6.6 0.0 0.6 0.6 3.6 0.2 5.0

PM273 POWDER
Total Volume Cumulative Volume
Volume, ml. at STP Volume, ml. at STP
Mesh Fraction H2 H20 Cco CO2 802 Total H2 H20 Co CO2 802 Total

- 70 + 100 0.1 0.4 5.2 0.6 0.0 6.3 0.6 0.2 5.0 0.4 0.0 6.2
- 100 + 200 0.0 0.3 4,0 1.1 0.0 5.4 0.3 0.5 3.4 1.3 0.0 5.5

- 200 + 325 0.4 0.4 4,5 0.8 0.0 6.1 0.9 0.4 4.8 1.0 0.0 7.1

SG321 POWDER

Total Volume Cumulative Volume

Volume, ml. at STP Volume, ml. at STP

Mesh Fraction B2 H0 CcO Co, SO2 Total H, HLO CO C02 802 Total

- 100 + 200 0.0 39 0.1 1.8 0.4 6.2 1.1 1.6 0.2 1.5 0.1 4.5

- 200 + 325 0.0 3.1 0.3 2.0 0.3 5.7 0.5 1.5 0.1 1.6 0.3 k.0
FM POWDER
Cumulative Volume

Volume, ml. at STP
Mesh Fraction Ho COo

- 70 + 100 0.1 0.1
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to air as a function of time are presented in Figure 2. A typical
cumulative volume gas desorption analysis for the -100 +200 mesh frac-
tion of tnis powder is presented in Figure 3. In addition, the cumu-
lative volumes at 1800°F are presented in Table I for comparison with
the total gas desorption volumes at this temperature.

Vacuum fusion runs were made on duplicate samples of -T70 +100
mesh powder after cumulative and total gas desorption studies as well
as in the as received condition, and these data are presented in Table
ITI.

PM275 Powder

The total volume gas desorption analyses for three mesh frac-
tions of this powder are shown in Table I. A typical cumulative volume
gas desorption analysis for the -100 +200 mesh fraction 1s shown in
Figure 4. The cumulative gas desorption volumes at 1800°F are also
presented in Table I for comparison with the total volume runs.

SG321 Powder

The total volume gas desorption analyses for two mesh fractions
of tnis powder are presented in Table I. A typical cumulative volume gas
desorption analysis for the -100 +200 mesh fraction is sihown in Figure
5. In addition tne cumulative volumes at 1800°F are presented in Table
I for purposes of comparison.

FM Po.der

The cumulative volume ges desorption analyses of a -70 +100
mesn sample of this powder is given in Figure 4. The results of vac.um
fusion work on this powder in tue as received condition are presented
in Table III. The cumulative volumes at 1800°F are presented in Table I.

Analysis of Results

The volumes and analyses of tne gases liberated from the
various nickel powders studied thro .gnout the course of this investi-
gation were found to be dependent upon the method of powder manufacture.
The gases evolved were found to be mixtures of one or more species from
a group composed of Hy, COp, CO, SOp, and HoO. The number of different
gases evolved and toneir relative abundance was found to vary widely be-
tween different powders, and also varied with temperature for a given
po.der,

The mechanisms of gas desorption were also found to be influ-
enced by tue manufacturing technique. Powder atomized in air witnout
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further treatment was observed to liberate gas by surface desorption.
Powders heat treated in hydrogen bearing atmospheres after atomization
evolved gases whose source was believed to be dissolved hydrogen, oxy-
gen and carbon. The heat treatments were performed at temperatures
sufficiently high to cause the evolution of any gases adsorbed during
tue manufacturing process. These treatments in hydrogen bearing atmos-
pheres also Increased the dissolved hydrogen content of the annealed
powders.

Structural studies of both powdered and massive nickel surfaces
by electron diffraction techniques were unsuccessful. No diffraction
rings were obtained from fine, -325 mesh powder, because of charging
phenomena, Very faint and diffuse diffraction rings were obtained from
massive nickel surfaces which had been polished, etched, and re-exposed
in air, but no positive identifications could be made. Diffuse diffrac-
tion rings of this type have also been observed by other investigators.

MDO119 Powder

This powder, produced by steam scattering in air, was studied
in the greatest detail. It exhibited tne greatest variety of desorption
mechanisms, and for this reason received more study than tne other powders.

Table I shows that there is a correlation between gas volumes
evolved and apparent surface area. This established the primary mechanism
of gas evolution as surface desorption. This conclusion was further sub-
stantiated by tests wherein the influence of surface preparation on gas
evolution was studied.

The total volume gas desorption studies, wherein evolved gases
were condensed in a cold trap, show, in Table I, that CO, was the major
constituent of the gases evolved at 1800°F. These data also demonstrate
that the volumes of CO, CO, and SO, evolved were related to the surface
area, which established their mechanism of evolution as a surface
phenomenon. The amount of water vapor liberated was erratic, and this
was believed to be due to the low strength of the physical adsorptive
bond by which water 1is known to be adsorbed on nickel.

The amounts of S0, liberated in the total volume studies were
considerably higher than those amounts liberated in the cumulative vol-
ume studies. This was caused by the non-equilibrium nature of the ex-
perimental procedure, wherein the 80, was frozen out as soon as it was
formed, thus allowing the reaction producing it to proceed to completion.
This reaction is believed to be as follows:

Nijse(s) + 4CO,(g) — 3Ni(s) + 250,(g) + 4C0(g) (1)
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Figure 2. Total Gas Volumes as a Function of Time for Ten
Gram Samples of MD 9119 Powder Rinsed in Nitric
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In the cumulative volume procedure, however, the gas system approached
equilibrium and the amount of SOQ produced was limited.

The cumulative volume gas desorption studies, shown in
Figure 3, indicate the temperatures at which the various gases were
evolved, and again show that CO, was the major constituent in tue
evolved gas mixture. Because these cumulative plots show the total
volumes of the various gases evolved to a given temperature, it is
apparent that a curve which shows a decreasing volume with increasing
temperature indicates that the gas is reacting in some way so as to
reduce its total volume at the higher temperature. It is believed
that water vapor was undergoing a reaction to produce hydrogen and
oxygen in the temperature range of 600°F to 1400°F, and that CO was
undergoing a reaction to produce CO, between 1400°F and 1800°F. It
should also be noted that very small amounts of SO, were liberated
only at 1800°F.

The primary reaction involving CO is as follows:
Ni0 (s) + CO (g) - Ni (s) + CO, (g) (2)

The surface material milled from the as received powder indicated tue
presence of nickel oxide on the surface of the powder. ©Surface mater-
ial milled from the powder in the same way after a cumulative gas de-
sorption test showed that all of tihe nickel oxide had been removed

from the surface of the powder. That the CO was acting as the reducing
agent is shown in the cumulative studies of Figure 3, where the CO is
seen to reach a maximum at about 1400°F and then decrease.

A comparison of the total and cumulative gas desorption
studies at 1800°F, presented in Table I,shows that the CO and C02
values are sbout the same in both runs. This was caused by the fact
that the CO was not frozen out in the total volume runs, because it
did not condense at the temperature of liquid nitrogen under the mani-
fold pressure. Thus the CO was free to react with the hot nickel oxide,
with the result that the CO volume was reduced to the same low level as
observed in the cumulative run. The COo produced by the reduction re-
action in thne total volume test was frozen out, and this had the effect
of allowing the reaction to continue until all of the nickel oxide had
been reduced. In both cases the powder was appreciably brighter after
the desorption runs than in the as received condition which also in-
dicated the occurrence of an oxide reduction reaction.

The desorbed water vapor underwent a reaction at higher tem-
peratures which involved a breakdown of the water molecule with a sub-
sequent solutioning of the hydrogen in the nickel, and a probable re-
action of the oxygen with CO to form CO,. The solutioning of the
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hydrogen is established by the vacuum fusion data of Table III which
indicate that the powder contained significantly more dissolved hydrogen
after tne cumulative run than in tne as received condition. The nickel
did not show a significantly higher dissolved oxygen content after the
cumulative run, which led to the hypothesis that the oxygen reacted with
CO to form 002. The desorption of water vapor at relatively low temper-
atures was consistent with the literature which indicates that water is
very weakly bonded to nickel by a physical adsorption bond, and should
therefore be desorbed at a relatively low temperature lO,ll),

As a means of further investigating the surface dependence
of the desorbed gases, powder surfaces were treated by ball milling
and by rinsing in acid before total gas desorption runs were performed.
Table II shows that both treatments effected the desorbed gas volumes
significantly. The nitric acid rinse reduced the COp, CO and SOp volume
desorbed, which again indicated that the desorption mechanism for these
gases was a surface phenomenon.

The ball milling operation lowered the CO, gas volume desorbed,
but increased the 802 volume. These data support the surface desorption
mechanism for COp, and indicate that the S0, is the product of a reaction
involving the oxidation of a nickel sulphide. The presence of the nickel
sulphide was to be expected because sulfur was present in excess of its
solubility limit. Apparently the ball milling brought more nickel sul-
phite into contact with the atmosphere where S0, was produced according
to equation (1).

Both the ball milling and acid rinse increased the surface
activity of the powder, as evidenced by a tendency for the powder to
cling to the sides of the sample tube. That this surface activity was
caused by unsatisfied surface forces of the type which causes adsorption
was demonstrated by the fact that powders in both conditions desorbed
nitrogen upon neating. Of all the samples investigated, these were the
only ones to desorb nitrogen., which was presumably adsorbed during load-
ing when the "active'" powder was briefly exposed to air.

The tendency for the cleaned powder to readsorb gases was
studied by exposing powder rinsed in nitric acid to air for periods
of time up to 96 hours. The results of these tests are presented in
Figure 2, and show that readsorption was completed in about 24 hours.
This readsorption was limited primarily to CO, and smaller amounts of
nitrogen. It is believed that both of these gases were adsorbed
directly from the atmosphere. The water data again tend to be erratic
because of the weak adsorptive bond. The SO, curve shows no definite
trend, which lends support to the hypothesls that the S0, was produced
by the oxidation of a nickel sulphide distributed throughout the powder
matrix.
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TABLE TT

TOTAL GAS VOLUMES FOR TEN GRAM SAMPLES OF MDQ119 POWDER
HEATED TO 1800°F IN THE BALL MILILED, RINSED, AND
AS RECEIVED CONDITIONS; - 70 + 100 MESH FRACTION

Volume, ml. at STP

Condition H, H0 co O, S0, N, Total
Rinsed in HNO5 0.0 0.4 0.0 1.1 0.2 0.2 1.9
Ball Milled 0.0 0.6 0.2 1.1 1.5 0.1 3.5

As Received 0.0 0.2 0.1 1.9 0.6 0.0 2.8
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The vacuum fusion data of Table III show that the oxygen
content of the powder in all conditions of treatment is substantially
higher than that which could be accounted for by the desorbed gases.

As mentioned previously, CO and CO, adsorbed on the powder would analyze
as oxygen. The excess of oxygen was due to dissolved oxygen, and oxygen
present as nickel oxide. he solubility of oxygen in nickel is .020
weight percent at 6OO°C(12'. Additional amounts of oxygen result in
the formation of nickel oxide. If the nickel were free of oxygen and
nickel oxide, the vacuum fusion analysis would theoretically show the
maximum amount of CO and CO, that would be liberated if the powder

were heated to its melting point. Then a subtraction of the CO and COp
desorbed at 1800°F would leave & remainder which would be the amount of
CO and CO, that would be evolved if the powder were heated from 1800°F
to its melting point. The powder, however, contained excessive amounts
of dissolved oxygen and nickel oxide which made such calculations mean-
ingless.

A comparison of the various nitrogen and oxygen analyses
shows that the within sample variation exceeds the between sample vari-
ation, which means tinat the between sample analyses are not significant-
ly different. As mentioned previously, the samples tested after cumu-
lative analysis had a higher hydrogen content than did the as received
samples. This difference was attributed to the solutioning of hydrogen
from reacted water vapor in the powder during the cumulative run.

PM275 Powder

This powder was of interest because it was manufactured in
the same way as the MD9119 powder, but had had an additional annealing
treatment of 45 minutes in a cracked ammonia atmosphere. The most no-
ticeable feature of the gas evolution from this powder was that the
volume desorbed was not a function of the apparent surface area; thus
the mechanism of surface desorption was eliminated as the major source
of gas. It is believed that dissolved elements, H, O, and C, were re-
sponsible for the evolved gases. This mechanism is reasonable in view
of the fact that this annealing treatment would result in the desorption
of the greater part of any adsorbed gases present on the atomized, un-
annealed powder.

Table I shows that the gas volumes released during both the
total and the cumulative desorption tests were not related to surface
area, and that the gas mixtures evolved contained Ho, Ho0,C0 end COp.
Carbon monoxide is seen to be the major constituent of the desorbed
gases, with COp, Hp, and H20 representing smaller fractions of the
total.



-130-

Typical cumulative volume gas desorption data for the -100
+200 mesh fraction of this powder are shown in Figure 4. The outstand-
ing feature of the gas desorption was that the evolution of CO did not
occur until a temperature in excess of 1000°F was attained. This is
further evidence that the CO was formed from dissolved carbon and
oxygen, because these higher temperatures are required before diffu-
sional mechanisms will transport carbon and oxygen atoms to the surface
at an appreciable rate.

Another feature of the cumulative plot was the general de-
crease in the water volumes at a temperature where the hydrogen volumes
increased. These facts are best explained by a reaction of the type:

H,0(g) + CO(g) »Hy(g) + COL(g) (3)
where the Ho0 and CO were both originally formed from dissolved elements.

The correlation between total and cumulative volumes evolved
is seen to be quite good in Table I, primarily because the only gases
whicii could be frozen out, HJ0 and COp, were present in minor amounts.
The major constituent, CO, was not frozen out and therefore participated
in the same reactions in both types of desorption runs. Thus the CO and
CO, volumes checked very well in both runs.

The annealing treatment in cracked ammonia would result in the
powder being saturated with dissolved hydrogen. Thus, when the reaction
of water vapor witn CO2 yielded hydrogen, this hydrogen could not dis-
solve and was liberated in t..e gaseous state, as contrasted to the
MD9119 powder wherein the hydrogen resulting from the dissociated of
water vapor was dissolved in t.oe powder.

A final point of interest concerning the gases liberated from
this powder pertains to the lack of SO, evolution. This powder con-
tained sulfur in excess of t.e solubility limit, indicating that some
nickel sulphide must have been present. No SO, was produced by an oxi-
dation reaction of tne sulfide [equation (1)] with COo because the CO
present in large amounts shifted the equilibrium in the opposite direc-
tion.

SG321 Powder

This powder, manufactured by hydrogen reduction from an aqueous
solution, represented a completely different method of manufacture, and
was of interest as a means of determining the effect of manufacturing
technique on the evolved gases.
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Neither the cumulative nor total gas volumes correlate with
apparent surface area, as seen in Table I, so again the mechanism of
surface desorption as a source of gas was eliminated. Dissolved
hydrogen, oxygen and carbon are believed to be the source of the
evolved gases. In Table I the total volumes desorbed are seen to be
substantially greater than cumulative volumes. The difference is due
mainly to the higher water volumes in the total volume tests. The
water was frozen out in the total volume tests, but reacted during the
cumulative runs with dissolved carbon to form both molecular and dis-
solved hydrogen and a mixture of CO and COE' A comparison of the gases
evolved during both cumulative and total desorption runs, shown in
Table I, indicates that no hydrogen is evolved during the total volume
runs, but 1s seen to be present in the cumulative runs. This would in-
dicate that no hydrogen is evolved as such, but is produced by a reac-
tion with the water vapor.

The cumulative plot, Figure 3, shows that fairly large amounts
of hydrogen are liberated at temperatures up to 1000°F, but that the
hydrogen volume decreases above this temperature. This is taken as an
indication that hydrogen is dissolving in the nickel powder at higher
temperatures, because the solubility of hydrogen in nickel increases
rapidly at elevated temperatures. Solutioning would not be expected
at lower temperatures because the powder was manufactured at 350°F by
bubbling hydrogen through a solution from which the nickel powder was
precipitated. These manufacturing conditions would saturate the powder
with hydrogen at this temperature, and preclude further solutioning of
hydrogen until the solubility limit was increased by raising the tem-
perature.

Dissolved carbon was held to relatively low levels in this
process, so that the reaction between dissolved carbon and oxygen would
not be expected to yield large quantities of CO and CO,. The small
amounts of CO and CO, actually evolved during the cumulative runs was
taken as indirect evidence supporting the existence of this type of
reaction in the PM273 powder which contained larger amounts of dis-
solved carbon.

Evolution of SO, was observed at 1800°F, and again the ex-
istence of a nickel sulphide was postulated, which upon oxidation
yielded S0o,. The same reaction [equation (1)] was involved with the
MDO119 and PM273 powders, and in thils case the CO/COQ ratio favors
tne reaction producing the SO,.

FM Powder

This powder, manufactured by water atomization in a nitrogen
atmosphere, followed by an annealing treatment under a hydrogen atmosphere,
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offered a means of checking the effects of manufacturing variations,

as well as heat treatment variables. Only a limited amount of this

powder was available, so only one cumulative volume test and duplicate
vacuum fusion analyses were made. The cumulative volume run, Figure 4
shows that only very small amounts of hydrogen and CO, were liberated
from this powder. The relatively minor amounts of gas liberated from
this powder would indicate that this metnod of manufacture yields the

cleanest product of any of those tested.

)

The vacuum fusion data of Table ITII show that annealing this
powder under a hydrogen atmosphere for one hour at 1:00°F resulted in
a dissolved hydrogen content about one order of magnitude above that
obtained in the unannealed MD9119 powder. The amount of dissolved
hydrogen observed approaches the solubility limit at room temperature.

CONCLUSIONS

Nickel powder produced by steam scattering in air desorbs
COp, H,0, CO, and SO,. The mechanism of gas evolution is surface
desorption. The H,0 and CO are physically adsorbed, while the CO,
is present as a weakly bonded surface compound. The SOp is the pro-
duct of the oxidation of a nickel sulphide which is distributed through-
out the metallic matrix. Nickel powder produced by steam scattering,
followed by an annealing treatment in cracked ammonia, evolves CO and
minor amounts of Hy0, Hp and CO,. The CO and HO are formed from dis-
solved O, C, and H, while the Hy, and CO, are products of reactions
between HoO and CO. Nickel powder produced by precipitation from
aqueous nickel asmmonia complex solutions evolves Hp, H50, CO,, and
minor amounts of CO and SOp. The gases are formed from dissolved
elements in thne metallic phase. Nickel powder produced by water
atomization in a nitrogen atmosphere followed by an annealing treatment
by hydrogen for one hour at 1200°F yields a very clean powder which
evolves only minor amounts of H, and CO, upon heating to 1800°F.
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TABLE IIT

VACUUM FUSION ANALYSIS OF MD9119 POWDER IN THE AS
RECEIVED CONDITION, AND AFTER BOTH TOTAL VOLUME
GAS DESORPTION TESTING AND CUMULATIVE GAS DESORPTION TESTING

Gas Content

Weight Percent Ml./10gm (STP)
Condition ) % By Yo 92 By
As Received 0.00163 0.296 0.00040 0.1 20.7 0.5
As Received 0.00061 0.214 0.00058 0.1 15.0 0.7
After Cumulative Run  0.00098 0.255 0.00075 0.1 17.9 0.8
After Cumulative Run  0.0019% 0.299 0.00099 0.2 20.9 1.1
After Total Run 0.00177 0.258 0.00068 0.1 18.0 0.8
After Total Run 0.00150 0.218 0.00268 0.1 15.3 3.0
VACUUM FUSION ANALYSIS OF FM POWDER IN THE
AS RECEIVED CONDITION:- 70 + 100
MESH FRACTION
Gas Content
Weight Percent Ml./10gm (STP)
N2 %2 ) No %2 e
Semple Number 1 0.0009  0.28k4 0.0023 0.1 19.9 2.6

Sample Number 2 0.0007  0.304 0.0013 0.1 21.2 1.5
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THE EFFECTS OF ULTRASONIC AND ELECTROSTATIC
ENERGY ON EVAPORATION AND COMBUSTION

William Mirsky

INTRODUCTION

A more complete understanding of the factors involved in the
combustion of liquid fuels, and possible means for increasing their rate
of combustion, remain important objectives.

Because of the extremely complex nature of evaporation and
combustion processes for liquid drops and the difficulties involved in
measurements, most investigators have chosen to study the evaporation
or burning processes associated with an isolated drop. Many of these
researches have employed fine filaments to hold the drops in space while
observations are made.

Studies were made at the University of Michigan to establish
means for holding ligquid drops in space without any attachments.(l)
Attempts were made first to stabilize a drop on a rising air stream. This
proved impractical, and an ultrasonic field was added to give transverse
stability. The combination of air drag and ultrasonic field forces made
it possible to hold a drop fixed in space while evaporation occurred.

As would be expected, tests revealed that the ultrasonic energy
affected the rates of evaporation and combustion, and it therefore became
necessary to evaluate these rates with and without the ultrasonic energy.
In the course of determining the evaporation rate without ultrasonic
energy a new expression for drop evaporation was developed.

Cumene was used for the greater part of this study because of
its suitable rate of evaporation and relatively low cost for the pure
grade of fuel used.

EXPERIMENTAL EQUIPMENT

The experimental equipment is shown schematically in Figure 1.
This equipment comprises four functional systems, as follows:

Air-flow system

Ultrasonic field generating system
Photographic recording system
Instrumentation and accessories.

FE UV
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The air flow system provides a stream of low turbulence air
flowing upward through a cylinder of barium titanate. This cylinder is
4 inches long and 1-5/8 inches inside diameter. This ceramic piezo-
electric transducer produces a concentric standing-wave ultrasonic field
in the air within the tube. The ultrasonic field, when stationary, i.e.,
when the wave nodes are fixed, introduces lateral forces on the drop
within the tube which holds the drop in a fixed horizontal position. At
the same time, the action of the rising air stream on the drop creates
an upward drag force which can balance the downward force of gravity.

By control of the air velocity and ultrasonic field, a drop may thus be
held stationary in space. Motion pictures of the drop were taken at
known time intervals to obtain diameter as a function of time.

Efforts were made to burn drops with this equipment by using
a heated air stream. This introduced difficulties due to a change in
the velocity of sound in the air and a shift in the resonant frequency
of the ultrasonic generator. Further, to protect the ceramic from over-
heating, it was provided with a coolant Jjacket, but this substantially
reduced the ultrasonic energy transmitted.

RESULTS

Experimental d<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>