SPECIFIC SURFACE OF FIBROUS MATERIALS

and

PROBLEMS OF EXPLOSIVES PRODUCTION

by

Ernest James Wiggins, B,Sc.

A thesis submitted to the Faculty of

Graduate Studies and Research at McGill

University in partial fulfilment of the

requirements for the degree of Doctor
of Philosophy.

McGill University, April, 1946
Montreal.
P.Q.



ACKNOWLEDGEMENT

The author wishes to express hls sincere appre-
cilation to
Dr. O, Maass

Dr. W. B. Campbell
and
Dr. J, H. Ross

for thelr conetant interest and encouragement and
for their valuable suggestions during the super-

vision of this work.

Acknowledgement 1s made to the Canadian Pulp and
Paper Association and to the National Research Council
for the award of scholarships during the course of

thlis work.

The writer also wishes to express his thanks to Dr.
A. P. Stuart for hls collaboration on 2ll investigations

of the gas permeability method.



TABLE of CONTENTS

Pege
Part Ta Ligulid Permeabllity Measurements
General Outline....... e e et et e . 1
Historical Review and IntroductionN........co.... . b
Experimental Procedure and Results............... 31
(a) Equipment and General Procedure€............ .2

(b) Measurements with Screen-Classified Sand.... 35

(c) Measurements with Small Glass Rod8.......... 41
(d) Measurements with Copper Wire.............. . 42
(e) Measurements with Glass Wool......uvveuuunn . 42
(f) Measurements with Corning Fiberglass....... . Ul

(g) Measurements with Mixture of Glases Fibers... 46

(h) Measurements with Celanese Yarh........eooe.. 4y
(1) Discussion of Results...... ettt ieenee e . Lg
(3) Refinements of Technique for Routine
Measurement of Liquid Permeability...... cese B3
(k) Construction of Nomographs for Liquid
Permeability Data ........ it iirininnnnnn 55
Part Ib Gas Permeability Measurements
B8 975 fJoYe AP UL 7 o) o WA 67
Experimental Procedure and Results.............. . 71
(a) Apparatus and General Procedure....... ceeee (1

(b) Calculation of Specific Surface from
Gas Permeability Data............. ceeeeaan .7

(¢) Measurements with Corning Fiberglass....... 77



TABLE of CONTENTS (cont)

(d) Measurements with Natural Wool.....e...... 80
(e) Measurements with Acetylene Black......... &0
(f) Measurements with Respirator Filter Pads.. &4

(g) Measurements with Respirator Charcoal..... 87

Discussion of Results......c.... tecesenceaconanae 93

Part II Preparation of Carbamite from
Crude Ethylaniline.

Introduction ............. ... ..., Ceeiieeeeaas .104
Experimental Procedure and Results............ 106
(8) Du Pont ProCeS8S....cveeeeerenneracensonne 106
(b) I. C. I. Method of Preparation......... oo 111

(¢) Purification of Crude Carbamite by
Vacuum Distillation.. 112

(d) Removal of Aniline from Crude Ethyl-
eaniline., 112

(e) Preparation of Carbamite from Diethyl-
aniline... 113

Discussion of Results.......... Chreessecaees .. 11h




Ph.D. Chemistry

Ernest James Wiggins

Specific Surface of Fibrous Materlals

and

Problems of Explosives Production

A derivation of the Kozeny equation relating
gpeclfic surface and permeability of a bed of unconsolid-
ated particles is given 1n detail. The equation is ap-
plied to liquid permeability measurements with sand,
glass rods, copper wire, glass wool, fiberglass and cel-
enese fibers, Close agreement 1s obtalned between the
specific surfaces calculated from permeability data and
from the geometry of the particles,

Comparisons are made of gas and liquid permeab-
11ity measurements with fiberglass, wool fibers, acetylene
black and respirator filter pads. Satisfactory correla-
tion 1s obtained for all materials except acetylene black,
An analysis of the effects of stétionary surface layers of
fluid is glven to indicate the upper specific surface limit
for the liquid permeabllity method.

Methods are described for preparation of carba-
mite from crude ethylaniline and for purification of the

product.
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SUMMARY

A detailed derivation is given for the Kozeny
equation, which relates the permeability to fluids and
the specific surface of a bed of unconsolidated particles.
The equation was first applied to liquid permeability mea-
surements with beds of near-spherical particles‘to repeat
the work of previous investigators. The equation was then
applied to liquid permeability measurements with particles
departing increasingly from spherical form., Slender glass
rods, copper wire, glass wool, Corning flberglass and cel-
anese fibers were employed for thls purpose. Close agree-
ment was obtained in all cases between the specific surfaces
calculated from permeability data and from the geometry of
the particles. The results of this investigation indicated
that the liquid permegbility method provided e means of
determining the specific surface of materials closely ap-~
proaching natural fiber dimensions,

An analysis of the effects of statlonary surface
layers of fluld indicated the existence of an upper limit
of usefulness of the liquid permeability method. However,
the same analysis indicated that gas permeabllity measure-
ments could be used for much higher speclific surface ranges,
as a result of the lesser thickness of the statlonary layers.
Gas and liguid permeabllity measurements were made with fiber-

glass, natural wool, acetylene black and respirator filter



pads. Satisfactory agreement was obtained between the

two methods for all materials except acetylene black.

Gas permeability measurements with samples of respirator
charcoal showed correlation between the calculated specific
surface and the effectiveness of the charcoal. The gas
permeability method was found to possess manipulative ad-
vantages in measurements with fine particles or with
fibrous materials,

Investigations were conducted on the preparation
of carbamite from crude ethylaniline, The-I.C.I. and
duPont processes were found to be satisfactory for this
purpose. Preliminary stripping of the crude ethylaniline
for removal of sulphur compounds was found to simplify the

purification of the reaction product.



CLAIMS to ORIGINAL RESEARCH

The Kozeny equation has been shown to be
apolicable to particles approaching natural fibers in
dimensions. This equation relates the specific sur-
faces of beds of unconsolidated particles and their
permeabilities to gases or liquids. A comparison has
been made of gas and liquid permeability measurements
as means of determining specific surfaces. Close
agreement has been obtained between the two methods and
the true specific surface for materials such as fiber-
glass.

An analysis of the effects of stationary fluid
layers has been made which indicates the existence of an
upper limit of usefulness for the liquid permeability
method. A similar investigation for the gas permeability
method was not completed, since measurements of the surface
areas of military materials were undertaken at that time.
The permeability method has been shown to be of value in
indicating the effectiveness of respirator filter pads and
charcoals.,

The preparation of carbamite from crude ethyl-

aniline of Canadian manufacture has been investigated.



PART I

Specific Surface of Fibrous

Materials.




PART Ia

GENERAL OUTLINE

The problem of determlination of the surface area
of irregularly shaped particles has been the subject of
attention of a great many investigators. This interest
may be attributed on the one hand to the many practical
epplications of such information, and on the other to the
elucidation of fundamental principles which has resulted
from the varied and ingenious methods devised.

Applications of surface area determinations to
industry may be enumerated almost without limit. The
completeness and speed of setting of cement is proportional
to the specific surface, pulverized fuels are finely ground
to provide a large surface for combustion, and the work done
in grinding is itself a functlion of the new surface created.
Powders used as fillers in plastics impart strength to the
whole mass by virtue of their large specific surfaces,

The surface areas of fibrous materials are of
particular interest throughout the asbestos, textile, pulp
and pgper industries, For example, the variation in the
properties of paper sheets formed from pulps which have
undergone different beating treatment may well be explalned
by the resulting change in surface area avallable for bonding

between fibres during sheet formation. Industries engaged
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in processing fibrous materials have long recognized the
need for more detalled information about the physical
characteristics of their products. While a great multi-
plicity of testing instruments and methods has been devised,
it must be admitted that few of these give an approach to
the measurement of any specific physical property. Rather,
various subjective properties are measured which are related
but distantly to the fundamental characteristics and usually
unite seversal of these in involved relationships. Hence the
provision of a reliable means for measuring such an important
single physlcal property as specific surface could scarcely
fall to be of interest.

As 1ndicated above, a great variety of methods
has been devised for the determination of specific surface.
The majority, however, suffer from tediousness and limited
applicability. Fortunately, a new means of approach has
recently been provided which proves to be subject to almost
no limitations as to size or shape of particles, and which
is simple, speedy and reliable. Briefly, this new method
involves the determination of the permeability of a sample
of the material to a flulid of known viscosity. The specific
surface of the material may then be calculated by the use

of an equation first proposed by J. Kozeny (1, 2). The



presence of a range of sizes or a varlety of shapes for the
constituent particles detracts nothing from the simplicity
or accuracy of the method,

The "Kozeny equation'", developed on a theoretical
basis to relate permeability of sands to thelr specific
surface, was first applied by Carman (3, 4) to the problem
of determinatlon of specific surface from permeabllity data.
In the course of his investigations, Carman demonstrated the
correctness of Kozeny's relation for a wide variety of
particle shapes and sizes. The conspicuous success of
Carman's method provided the incentive for the present
research, since the lack of dependence on the shape of the
particles concerned suggested its application to fibrous
materials,

The investigations to be described consist largely
of the verification of the Kozeny equation for particles
approximating true fibrous materials in thelr physical form.
The materlials employed were selected by virtue of their
susceptibility to actual measurement of specific surface
for purposes of comparison with calculated vslues. Various
liquids are used as the "measuring fluids" for the work
discussed in section Ia, while in section Ib, the Carman
method is extended to include the use of gases. Comparisons

are made between liquid and gas permeability results, since
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comparative valuees should reflect any fundamental differences
in the factors involved in 1iquid and gas flow,

It seems appropriate at this point to insert a
few words of explanation regarding the incomplete nature of
certain phases of the investigation. The results obtained
up to the time of outbresk of hostilities were so encouraging
that it was deemed advantageous to apply them immediately to
certaln problems of nsational importance. As a result, many
other matters of considerable academic (and practical)
interest were neglected. Outstanding deficiencies are a more
rigorous comparison of permeability values obtained with
various liquids and gases, and a systematic investigation of
the effects of fibre orientation and uniformity of packing.
It is hoped that this apparent oversight will be pesrdoned in
view of the unusual situation.

As a background for the work to be described, a
brief survey of the general field of surface area determination
will be presented. A more extended discussion of the theoreti-
cal foundations and development of the Kozeny-Carman method is
given, an acquaintance with these sublects being desirable

for interpretation of the experimental results.



HISTORICAL REVIEW AND INTRODUCTION

Within recent years many workers have devoted
themselves to the study of fine particles, principally with-
in the range 0.1 micron to 0.1 cm. Methods of determining
particle size and size-distribution curves for a powder sample
have been brought to a high degree of perfection, if not of
simplicity. Owing to the avallability of such data, the size
of particles has been used to obtaln an approximate measure
of thelr surface ares. The most generally accepted proce-
dure is that of Heywood (5), which has been advocated by the
Institution of Mechanical Engineers, In brief outline, this
method of calculation involves the following steps:-

(a) The size~distribution curve for the powder is
evaluated by elutriation or sieve analysis, according to the
range covered. For liquld sedimentation, the photo-electric
turbidimeter of Wagner (6) and the pipette sampling method
of Andreasen (7) are in most common use. Liquid sedimenta-
tion is acceptable for particles above an approximate lower
limit of B/A if proper dispersion of the powder is obtained.
Below this size convection currents usually introduce serious
error, although the photographic sedimentation methods of
Carey and Stailrmand (8) have been applied to particles as

small as lfx . Alr elutriation has been used by Roller (9)
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but while accurate for particles of Smdlemeter, is very slow,
(b) Representative particles from a convenient size
fraction are examined microscopically: the projected areas
and perimeters of the particles are measured while resting
in thelr most stable positions on the microscope slide. By
counting and weighing the selected particles the average
particle weight may be calculated, and therefore also the
average volume (the density being known).

To utilize these measurements, Heywood has developed
an equation from first principles which enables the surface
area to be calculated without making any simplifying assump-
tions regarding particle shape. A "shape factor" relating
surface area and particle dimensions is obtained from the
microscopic examination data, thus giving the specific
surface (area per unit volume) for the one size fraction.

It is finally assumed that the average particle
shape (and hence the shape factor) is independent of size, so
that the total average specific surface may be calculated from
the size-distribution curve for the powder.

Although widely used for fine powders, the Heywood
method suffers seriously from tediousness, Further, the
values obtained may be little more than azpproximations, since
the assumption that shape 1s independent of size 1s not

always Jjustified. In any event, this approach is totally
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unsulted to the complex forms found in flbrous materials.

A veriety of other methods has been developed
which are useful in certain cases, but are seldom widely
applicable or capable of a very high degree of accuracy.

The rate of dissolution in a suitable corrosive
medium has been employed by first determining the rate of
golution per unit area of a s0lid piece of the material.

The surface area of the finely divided material is then cal-
culated by simple proportion. This method has been applled
successfully by Marten (10) to ground quartz, using hydro-
fluoric acid as solvent. However, at least two serious
objections exist. In a material containing a range of sizes
the smallest particles may disappear entirely during solution;
further, it is extremely doubtful whether the boundary con-
ditions governing the rate of solution are ldentical for all
slzes of particles,

The turbidity of a suspension of fine particles in
a suitable liquid yields a measure of their surface area,
since for sizes which are large with respect to the wavelength
of light, reflection is the principle factor and turbidity is
directly proportional to area. The turbidity of the sus-
pension may be measured most convenlently by means of the
"turbldimeter" which compares the intensity of light trans-
mitted through a glven depth of suspension with that trans-

mitted by a similar depth of 1liquid containing no suspended



solids. The calculation of surface area from turbidimeter
data 1s discussed in detail by Munro (11), and applied to
powdered alundum, transparent and opaque silica, and wood
pulp fibres.

Still another method is based on measurement of the
adsorption of a suitable substance on the surface. Various
dyes have been employed by Tunstall (12), and argon at liquid
air temperature by Askey and Feachem (13)., The latter un-
doubtedly gives a measure of the total surface area, but
ineludes all internal fissures and voids in addition to the
overall external surface.

Fortunately, the new approach to the problem of
surface arca determination, developed by Carman on the basis
of Kozeny's relation, suffers from almost none of the usual
disadvantéges, A preliminary determination of the size
distribution curve for the material is not required, resulting
in a great saving of time. Even more important is the absence,
theoretically at least, of limitations as to size or shape
of the particles constituting the material. To elucidate
this point, it seems desirable to present a fairly complete
account of the fundamental principles underlying the fluid
permeability method.

The basic physical principles governing the flow

of fluids through a porous medium (such as & bed of fine



particles) must, in general, be identical with those operating
in the case of viscous flow in any other type of system; i,e.
those expressed in the Stokes-lNavier equations of classical
hydrodynamics. Unfortunately, however, the rigorous solution
of hydrodynamical equations for all the boundary conditions
existing, for example, in an ordinary sand bed would be hope-
lessly complex. It was only to be expected that the first
approaches were by way of purely experimental study.

The now classic experiments of Darcy (14) led to
the very simple generalization that the rate of flow (Q) of
a homogeneous fluid through a porous medium may be described
as follows:

Q is directly proportional to the cross-sectional
area (A) of the medium, inversely proportional to its length
(L), directly proportional to the difference of fluid head
(Ah ) between inlet and outlet, and inversely proportional
to the kinematic viscosity ( » ) of the fluid. The preceding
relations may be combined to give the following equation,

commonly termed "Darcy's Law™:-

Q= ¢ AAhk (1)

C is a proportionality constant, characteristic of

the medium.
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This equation has been shown to be valid for all
types of porous media - collodion membranes (15), filter cakes
(lé), rorous plates (17), sands (18) and fine powders (19).
While equation (1) is of very simple form, and would be
anticipated by analogy with Poiseuille's law, no satisfactory
general analytical justification for its existence has yet been
presented (20)s Only in the case to be discussed, i.e. beds
of unconsolidated particles, has it been possible to develop
an adequate theoretical foundation. .

The applicability of Darcy's law is confined to the
region of "streamline™ flow. By the method of dimensional
analysis, the followiﬁg general equation may be developed for

flow rates in any system:

f%% = const.-AiZ j%_QIE~ ) (2)
ed M .
Where Ap = pressure drop in system over a length A x.
i.e. AbL« = pressure gradient producing the flow.
v = average velocity of flow
p = density of fluid
d is & linear dimension; its implication depends on the *~
type of system concerned. It may characterize the size of

pore openings, tube diameters, etc.



~11-

When applied to ordinary pipe flow, the term (9%?—-)
is termed the "Reynolds number"™ = R. For low values of R,
the function.‘f(R) of equation (2) is found to simply equal R.

Hence, -Ap/ AX = COﬁSt. S (3)

The above result is identical with Poiseuille's
law. This type of flow is termed "streamline™, the velocity
components being essentially paraliel to the énclosing walls,

As the Reynolds number is increased, for example
by increasing "v", a coritical value is reached at which the
type of flow chaﬁges quite abruptly from "streamline™ to
"tyrbulent™. Turbulent flow is found to be characterized by

a new value for f (R), which then is equal to B2,

Thus A p/ Ax = const, %3 (4)

In the case of porous media, the transition from
streamline to turbulent flow is not sharp; this result is
logical from consideration of the variety of pore diameters
in such a medium, since with increasing velocity turbulent
flow will be introduced in more and more channels. For
convenience, the term "streamline flow" as applied to a porous
medium is defined as the region in which Darcy's law applies,
icee AP/ AX oc V. A method of calculafing fhe approximate

threshold value beyond which increased flow velocities result



in appreciable deviations from Darcy's law will he given in

a subsequent section. It should be noted that the parallel-
iam between pipe flow and overall flow through a porous me-~
dium must be treated with caution, since fundamental differences
exist. PFor example, in a single tube of circular cross-
section the velocity distribution curve taken across the
section is parabolic under conditions of streamline flow,
having a maximum value at the centre and falling to zero at the
wallse For a uniform porous medium, however, the macroscopilc
velocity is constant over the cross section since it is the
average of a large number of individual channel velocities.

As a consequence, the total flow in unit time for a single
tube is proportional to a4, i.e. to A%, (eq'n. 3) but for a
linear porous medium is proportional to A.

At very low velocities Darcy's law again becomes
invalid, the pressure gradient re@uired being greater than
that expected for the partiocular flow rate. It has been
suggested by Carman (3) that an abnormally thick stationary
layer of fluid remeins in contact with the surfaces of the
constituent particles of the bed, resulting in decreased free
volume of the channels and hence decreased flow rates. For
velocities within the ordinary range this stationary layer

may be largely removed, Evidence for the existence of such
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stagnant layers has been provided by several investigators.
This phenomenon will be discussed more fully in Section Ib,
since it is of importance in fixing & lower limit of applica-
bility of the permeability method.

Por the condition of streamline flow, it has already
been shown that f(d—;ﬂ) = Qfgﬁ

Hence equation (2) may be written

2
v = conste. /% (%—% ) (5)

This equation may be used to extend the application
of Darcy's law to the general problem of linear flow of
homogeneous fluids through porous media. (21), For such a
case, 4 will represent the effective dlameter of the stream
channels in the medium, while v - macroscopic velocity of the
fluid. As before, dp/dx is the (macroscopic) pressure gradient.
The proportionality constant is a true constant dependent only
on the geometric properties of the medium,

A general expression evaluating the constant in teras
of the geometrical characteristices of the medium would be very
desirable, as it would enable calculation of physical dimensions
of the medium from flow data, or the converse. As a result,
several investigators (22,23) have attempted to derive theore-
tical relations embraeing the various quantities involved.

While a literal solution of the problem is obviously well-nigh



-l4-

impossible, Kozeny (1,2) has proposed certain simplifying
postulates which enable a reasonable solution to be made.

Kozeny assumes that the pore space of a bed of
unconsolidated pearticles may be considered as equivalent to
a group of parallel, similar channels, such that the total
internal surface and volume are respectively equal to the total
particle surface area and pore volume.

Then let € = volume of pore space open to the
fluid per unit volume of bed, i.e. fractional free volume or
"porosity" 7
‘ S = total surface area of particles per
unit volume of bed.

Dupuit (24) has postulated that if the pore space be
considered as uniformly distributed throughout the bed, the
porosity of a thin layer normal to the direction of flow will
be identical with the porosity (E) of the bed as a whole.

Then for such a layer the fractional free volume will also
express the fractional free area of cross-section.

Kozeny employs Dupult's assumption to estimate the
interstitial velocity. If u :”macros00pic linear velocity
of the fluid, the componént of the average interstitial
velocity parallel to the macroscopic flow direction will be
E_. However, the actual path followed by an element of

fluid will be sinuous, and hence of total length L, (which
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is always greater than the depth of bed L). Since the time

required for the fluid to traverse a path of apparent length
L at a veloeity of u/€ is identical with that required for a
path of length Le at the true interstitial velocity ue ,

e ® E‘ . %2 ; (6)

It has been shown by hydrodynamioal analysis that
the average velocity of flow of a viscous fluid through linear
channels with cross-sections of various shapes does not change
greatly as the shape is varied, if the results be expressed
in terms of the ratio of cross-sectional area to "wetted
perimeter™., (25). This last term —%; is also equivalent to the
ratio of the volume of the channel to the area exposed to the
fluid.

The average velocity of a viscous fluid moving in
a channel of constant cross-section under conditions of stream-

line flow may be expressed by

—z k' ( .dp)( T )2 (7)
S
Where v = velocity in the flow direction r
T
dp/ar = pressure gradient along channel producing the flow

v 2 volume of channel
8 = @area exposed to fluid
k' 2 a dimensionless shape factor.
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As stated above, the factor k' does not vary widely
with change of shape of channel cross-section. Typical values

are given in Table I.

Teble I.

Shape Factor k' for Various Channel Cross-
Sections (3)

Shape of oross-section k!
Circular 0.500
Elliptloal major axis = 2 times minor 0.476
major axis = 10times minor 0.414
Reotangular square 0.562
: length 2 times width 0.515
" =10 " 0.377
'3 " = 00O " " 00333

(parallel planes)

Equilateral trlangla 0.600

Equation (7) may be applied to the entire bed by

v
replacing the ratio & by €, -ap/ar by42 (where Ap =

total pressure drop across the bed)and 7= by ue .
T

Then ug =

Setting k = k' (

3
g (8)
S2
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Consistent units should be used throughout, i.e.
if the C.G.S. system be employed, A p is expressed in
dynes/cm.2 .

' Equation (8) has come to be known as the "Kozeny
equation". With the exception of the constant k, all the
factors in the equation may be measured directly as physical
properties of the medium. The theoretical reasoning presented
above allows prediotion of the order of magnitude of k, while
an accurate value may be determined by experiment.

Bartell and Osterhof (zg) obtain an approximation
to k by assuming that the "equivalent channels™ may be circular,
for which k' = 0.500. Combined with Hitchcock's assumption

(27) that —%; = —%— , the resulting value for k is then
k = 0.5(-2 )2 - 6.20

However, Carman has found experimentally (3) that
with spheres the average direction of flow is inclined 45°
to the axis of the bed, thus indicating that L - 1 .’

’ Lo VB
Carman considers this to be a more probable value for

materials approaching spherical form, yielding a value of
k = %5 = 0,25

As a result of experimental work with the flow of
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ground waters through sand beds, Kozeny (2) obtained a value
of about 0.3 for k. Analysis of a great variety of data from
his own investigations together with those of other workers
led Carman to assign a value of 0.20 te k. Recent reports

by Powler and Hertel (28) and Sullivan and Hertel (29), pub-
lished after the completion of the research to be described,
indicate values of k = 0.18 for fibrous materials and k =
0.222 * ,001 for uniform glass spheres.

A slightly different derivation of the Kozeny
equation enables more light to be cast on the theoretiecal
significance of ke The deductions given follow those
presented in the paper of Fowler and Hertel (28) :-

Equation (7) will be valid for a short section of
a passage in a porous medium, giving the flow velocity in
the direction of the passage. Let the angle between this
direction and the X axis (the long axis of the medium as a
whole) be termed 8 « Then the velocity component in the

X direction will be

k! a vV .2
"?; "71— -a%) ("'g ) cos € (9)
If __ be averaged over the entire free space of

A vx
the medium, the final result may be expressed in the form

K (-8 v\ 2 (10
<ivk¢zv H $x )<iSI>AV !




where$p/ s x is the macroscopic pressure gradient for the
medium.

In this summation, two cases may be distinguished.
If the flow channels be regarded as bundles of more or less
independent tubes, transverse pressure gradients will not
influence the”system; the same total flux will be found in
all sections of any one channel regardless of its orientation.
For this first case, dp/dr must fulfil the above condition,
and must be independent of Q.

Expressing &p as a line integral :

d. = d
&p :J/;% . 4dr <ia%;>Av‘/éee 0 dax

9P-> e 8 &x (11)
: <<dx A\r<s ° AV ~

Then from (9), (10) and (11)

K = xr <008 8)sy (12)
- <seo G)Av

A second case is;possiblé, in which the system
cannot sustain transverse pressure gradients without distur-
bance. For this condition, dp/dx is independent of the

orientation and hence of @ . It may then be shown that
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dp . dp 2
ac cos 6 = = cos”~ @
and
2
k= k'<{cos” @ (13
Thus E;may have values of <°°8 8)av  or
k < see¢ 9>av

<§082 é>Ay , according to the initial assumption selected.

If Q = volume of fluid entering the bed of uniform
eross-gsectional area A per unit time, the macroscopic veloecity
of the fluid = Q/A. The average X-component of the mieroscopie
pore velocity will then be Q/Ae .

Let there be N particles of average volume T per

unit volume of the medium; then N.T2 (1-E), or N = ;%E .

If the average area of each particle =co, the

total area of the particles in each unit volume of medium

s NO = (1-8)0'
T .

Since & = free space per unit volume of medium,
the volume of free space associated with unit surface area

will be given by

[‘(_;1_'.;%]_'5_—] (14)
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If, in equation (10), the average square of the
free space per unit area be approximated by the square of
the average free space per unit area, the eXpression

beconmes

. 3 2
= & g2 3 (-8) (15)

Equation (15) is identical with equation (8)

previously obtained, since
S 32=4R . ema LER s

The fluid will, in general, move in directions
parallel to the boundaries of the channels; hence a theore-
tical estimation of k may be made by assuming that all
orientations of the channels are equally probable. On
this basis, ‘

{eos QZ? J%- . <§osz é>Ay = §., <%ec 9>Ay z %.

and hence k is either % k' or 2/3 k' depending on whether
dp/dr or dp/dx is considered to be independent of the
orientation. Conversely, accepting the approximate value
of k = 0.2, <39>Ay would be 0.4 or 0.3 respectively.
Comparison with the values of the shape factor k' given in
Table I. indicates that the stream channels of the medium

possess quite elongated cross-sections, which is in accord



with expectation.

Carmen (4) has expressed equation (8) in a form
which is slightly more convenient for purposes of calculation
by introducing a new term, the permeability. The permeability
(K) of a porous medium is defined as the linear rate of fluid
flow produced by unit hydreulic gradient. For a given fluid
viscosity and density, XK measures a specific property of the
bed. K has the dimensions of a linear velocity, and by

definition

K =

u
(hydreulic gradient)

For a liquid flowing under its own head,

K = % % (16)
where h = head of liquid (oem.) producing the flow
L = depth of bed (om.)
Q = total flow (cm.? /seac.)

A = area of cross-section of bed (cmeZ )

3
Rewriting e ti 8 =k, h . -
€ equa 01’1(?, % r _f_g__ —S—g,sinoeAp-hpg
wherep = density of liquid (gm./cm.3 )

g =~ 980 om./sec.?

. ]
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If the "specific surface" (S,) of the constituent particles
be defined as the surface area per unit volume of solid
material in the bed, then S = So(1-E). (8= surface area/
unit volume of bed).

Purther substituting p (kinematic viscosity of the
liquid) for/-‘/P .

3
k= . A, g
1% So =
or s°=\/k9. L., _;@.3_.2. (17)
KD (1-8)

2

Using k = 0.20 and g = 980 om./sec.” , equation (17) becomes

So (18)

1]
&
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®
-
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Equation (18) may conveniently be used for cal-
culation of the specific surface of the constituent particles
of a filter bed. The permeability of the bed is first obtained
from the rate of flow of some suitable fiuid through the bed
under a given head. (equation lé). The porosity € is simply
the ratio of the volume of the constituent particles to the
total volume of the bed, the former quantity being determined
from the weight and density of the material. All required

factors are then known,



Carman (3,4) undertook a systematic investigation
of the applicability of equation (18), for a wide variety of
conditions. By variation of each of the physical characteris-
tics of the bed over a considerable range, it was possible
to show whether the factors included in the equation expressed
these variables in correct relation. In equation (18), the
fundemental variables to be checked were the kinematic
vissosity of the fluid, the porosity of the bed, and the
gpecific surface of the materiel. It was also necessary to
show that the experimental results were independent of factors
not appearing in the equation, i.e. the shape of the particles
and the presence of size ranges.

A study was first made of the effect on the permea-
bility of the bed when Sy was varied, by employing particles
of various sizes but of identical shape. For this purpose
use was made of Schriever's data (30) for glass spherses,
covering a range in diamefer of 0.025 t0 0.1025 cme It was
found that the factor

_;;_2 _(1-g)2
X
was constant within * 3% for all siges, demonstrating that

K < d? as predicted by the Kozeny equation; also that the

term (1-8) 2
83



gave at least the right order of correction for the inevitable
porosity variations between beds formed of spheres of different
diameters. _

The kinematie viscosity factor p was then tested
by the flow of nine different liquids through e bed of sand
composed of particles in the range 0.014 to 0.021 om. The
liquids used ranged from diethyl ether ( 7 = .00342) to
aniline ( 2 = ,0478); air ( p = 0.157) was also employed.

The factor

K p {1-E
€

was found to be constant within * 3%, indicating that ka:%

2

as required.

3
The porosity function &7 __ represents
P (1-€)2

probably the most important factor in the Kozeny equation,
since a small variation of € produces a very large change in
the value of the function as a whole (31l). By collection

of the data of other workers on silieca powder (19), flaky
flint sand (32), slate powder (19), together with permeability
experiments for short lengths of crimped wire, small Berl
saddles and Leésing rings, Carman was able to cover a porosity
range of 0.260 to 0.889. This corresponded to more than a
thousand-fold variation of the porosity function. While no

comparison between different materials was possible, a
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constancy of * 2% for calculated values of Sp was found
over the range of porosities obtaineble with each sample.,

The development of the Kozeny equation suggested
no limitations as to the shepe of the particles comprising
the porous medium, so that it was to be expected that the
general form of the equation would be the same in all cases.
However, it was not gt all certain that the proportionality
constant would be invariant. Since his original assignment
of the value k = 0.20 resulted from analysis of data for
near-spherical particles only, Carman next investigated beds
composed of units departing considerably from spherical form.
For this purpose O.é cm, nickel Lessing rings, 0.6 ocm. por-
celain Berl saddles, and 0.57 om. lengths of.03 cm, diameter
crimped'steel wire were selected., In each case the specific
surfaces calculated from the geometfy of the units and from
the Kozeny equation using the value k = 0.20, were in agree-
ment within * 2%. This error was in the order of the
accuracy of the measurements,

Investigations were made regarding a further point
on which no information was given by the theoretical reason-
ing, namely, the validity of the calculations when a range
of sizes were present in the bed of particles. The data
of Coulson (33) for mixtures of steel spheres of 1/16" to

5/16" diaemeter yielded calculated values of average specifie



-27-

surface in close agreement with the true values. Extending
this range, Carman (4) used mixtures of two sands, of
approximately .0l and .05 om. average particle diemeter,
containing from 5% to 40% of the smaller size; mixtures of
two sands each of .05 cm. average perticle size but of
different grain shapes were also employed. In all cases
agreement within * 2% was found between the values of So
calcoulated (a) from the permeability of the bed, and (b) from
the relative amounts of each sand present, the specific surface
of each sand being itself caloulated from permeability
determinations.

Measurement of the permeability of a material
necessarily involves the use of a container for the bed, so
that some type of correction for wall friection is required.
Considering a bed enclosed in a cylindrical tube of diameter
D cm., the wall surface per unit volume of bed is 4 /D, and
as a first epproximation S might be réplaced by S+ % .
However, Carman has found experimentally that S + %, is
more nearly the required value; probably S+ %. is excessive
since the entire wall surface is parallel to the macroscopic
flow direction. The experiments of Coulson (35) with spheres
of 0.16 to 0.8 om. diameter in a containing tube of 5.08 ecm.

diameter substantiate Carman's factor %' o



Replacing 8 by (S + % ), and recalling that § =Sd1-8),

equation (18) becomes

So = 14 1 . g5

- _2 (19)
Ko (I-E]2 JI(I-E)

Thus the specific surface may be calculated as

usual and then corrected for wall friction by subtracting

2
the term e

The magnitude of the wall correction is illustrated

by data obtained by Carman for glass spheres of 0.472 cm.

diameter:
D So (uncorrected) Wall correction
5.01 om. 13.4 om.?/om.d 0.7 cme®/om.d
2059 " 1402 105

l.38 7 15.0 2.6

As indicated by equation (19), the relative
importance of the wall corresction diminishes as the container
diameter and/or the specific surface of the material are
inoreased. 1In almost all of the experiments to be described
in the follo&ing sections the values of specific surface are
so large that the term 3T%:§T.may be neglected without

introdueing appreciable error.



It should be mentioned that, in addition to the
Kozeny equation, other and slightly different equations have
beer proposed to relate specific surface and permeability
for a bed of unconsolidated particles. Those of Burke and
~}1='].‘u.mmer (34) and Chilton and Colburn (35) have been deduced
from a combination of dimensional analysis and experimental
data. The Chilton and Colburn equation reduces to the Burke
and Plummer equation for the case of spherical particles.
Expressing Burke and Plummer's relation in the notation used

by Carman,

So = l4.1 i%‘ . fEI?ET (20)

This is equivalent to the Kozeny equation only for
the condition € ® 0.5, and does not agree with the considerable
acocumulation of experimental evidence for other values of
the porosity. Actually, values of porosity in the order of
0.5 obtained in the experiments performed by the above
authors.

Carman's extensive investigations indicated that
the Kozeny equation might be applied with sonfidence to
materials in the range covered by the experiments. However,
the greatest departure from spherical form was represented by

the wire orimps, with a ratio of length to diameter of
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approximately 20, Before attempting to apply the permea-
vility method to actual fibrous materlals, it was necessary
to extend the study to particles of smaller diameter and
much greater ratio of length to effective diameter. This
phage of the investligetion forms the sublect matter of

Part 3 of this section,
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EXPERIMENTAL PROCEDURE AND RESULTS

(a) Equlpment and General Procedure

The apparatus employed for the measurement of

liguid permeability is shown in Figure 1.

LIQUID PERMEABILITY APPARATUS R

Figure 1.

A 1ilquid reservoir A of approximately 2 liters
capacity 1s connected through a midget centrifugal pump B
to an overflow type constant levei device C. This portion
of the apparatus serves to maintain a steady supply of liquid
to the permeabllity measuring tube at constant head. The
assembly is constructed entirely of metal and is mounted as a
unit to allow ready adjustment to any desired height.

The pump ie a Fisher Model A monel metal midget cir-

culating pump with a rated capacity of 5 gallons per minute,
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Since only a small fraction of this delivery 1is ever required
the outlet is throttled by using a 1/16 inch bore copper tube
at D, The return lines E and F are standard 1/4 inch brass
pipe, while the delivery tube G is 3/16 inch copper tubing,
Loose covers are fitted to reservoirs A and C to retard eva-
poration of volatile liquids. A small plug cock H is in-
cluded to facilitate drainage of the apparatus before chang-
ing to a different liquid.

The permeability measuring tube shown at the right
hand portion of Figure 1 is simllar to that employed by Carman
(4, The tube is constructed of Pyrex glass, The bed of
material to be investigated is packed into the left hand 1limb
X, resting on a circle of copper gauze L, The circle of
gauze is carefully cut to fit the tube and is supported by
a flat-wound spliral of sheet brass M., The mesh eize of the
gauze is selected for each material so that the smallest parti-
cles may be retalned, but so that the resistance to flow offer-
ed by the gauze 1s negligible in comparison with that of the
bed.

A constant head of liquid is maintained in the per-
meabllity measuring tube by means of the circulating pump and
overflow system descrived above. The temperature of the in-
coming liquid is measured by the thermometer N, The rate of
flow of 1liquid through the bed of material 1s controlled by
the stopcock 0, and the resulting head loss is indicated by

the difference between the liquid levels in limbs K and P,



The pressure drop measured in thls way 1s actually that

due to all frictional and expansion lossees between the

liquid surface in K and point Q, but for practical purposes
may be assumed to be due to the resistance of the bed alone,
The liquid level in limb P is read on a mirror scale grad-
uated in 1 millimeter divisions, mounted behind the tube.

This scale is also used to measure the liguld level in 1limb

K and the depth of the bed of material,; these readings belng
transferred to the scale by means of an index line on a ver-
tically-adjustable cursor. The rate of flow is measured

by weighing the 1lioculd emerging from R In a definite time
interval. For volatile liquids and very low flow rates, pre-
cautions must be taken against loss by evaporatlon. In the
majority of cases, negligible loss occurs 1f the jet R extends
well into the neck of a narrow-mouthed weighing bottle. For
high flow rates and non-volatile liquids, speed of operation
may be gained by the use of a tilting glass trough arranged

to direct the flow from one beaker to another at predetermined
times,

The permeability measuring tubes were constructed
with various lengths and diameters for limb K, depending upon
the permeability of the material and the viscosity of the liquid
to be used. The glasgs tubing for limb K was carefully celect-
ed for uniformity of cross section, After construction the

tube was calibrated by filling 1limbs X and P with water, closing
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the mouth of P, and weighing the water run out for a series
of levels in K. |

The most important, and frequently the most diffi-
cglt portion of the procedure was the production of a uniform,
alr-free bed of solids. The bed was most convenlently pre-
pared by paertially filling the permeability measuring tube
with the desired liquid, then introducing a definite weight
of the so0lid material with constant stirring, In addition,
it was frequently necessary to close limb P and apply suction
at K to complete the removal of entrained air, This latter
procedure was invarlably required with materials of fibrous
form,

Due to the manipulative difficulties which would
have resulted, the apparatus was not enclosed in a constant-
temperature bath. Satisfactory results were obtained by
mounting the apvaratus in a2 portion of the lsboratory which
was sheltered from draughts. The temperature indicated by
thermometer M showed few erratic changes; the effect usually
encountered was a slow rise in temperature due to heating of
the liquid by the circulating pump. |

The densities and viscoslties of .the liquids employ-
ed in the investigation were taken from the International
Critical Tables. The denslities of the so0lid materials were
measured by displacement of benzene or water in a pyknometer
flask.

The experimental resultes obtained with the liquid
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permeability apparatus were used for calculation of specific

surface by means of the Kozeny-Carman relation, equation (18):

% = /L . £’
VKo (1 -€)2
Where So = specific surface of solid material (sq. cm./cc.)
X = permeability of bed (cm,)
€ = porosity of bed
) = kinematic viscosity of liguid (sqg. cm./sec.)

A sample calculation is shown in the followlng sec-

tion.

(b) Measurements with Screen-Classified Sand

The first measurements were made with beds of screen-
classified sand to obtain familizrity with the procedures in-
volved and to check Kozeny's relation for particles of simple
form. |

A quantity of clean sand was separated into the
fractions of the Tyler standard screen scale using a mechani-
cal sifter. Each frection was then washed with water in a
simple elutriation device to remove very fine particles. The
average denslity of the sand grains of each fraction was mea-
sured by displacement of water in a pyknometer flask, The
permeabilities of sand beds to water were determined for size
fractions ranging from 10 mesh to 65 mesh, In addition, the
permeabilities to tenzene were determined for the fractions 23

to %5 mesh and 35 to 48 mesh. The experimental results obtalned
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in a typical determination were as follows:

Size fraction = 20 to 28 mesh (.,083%% to ,05%9 cm.)
Liould employed = distilled water

Weight of sand = 73%.5 grams

Average density of sand = 2.67 grams

Depth of bed (L) = 9.71 cm.

Diameter of bed (D) = 2,515 cm.

Cross-sectional area of bed (A) = 4,97 sq. cm.

Permeability K = 8L - flow rate (cc./sec.) depth of bed (cm.)
Ah  area of bed (sq.cm.) head loss (cm.)

The values of Xvin Teble II show a deviation of
12 1/2% from the mean. This range is slightly greéter than
that to be expected from the experimental error. It may be
noted from Table III that the valuee of Kvshow an irregular
but significant decrease when listed in order of increasing
flow rate, Since the runs were not performed in this order,
the effect cannot be attributed to changing temperature,
separation of air within the bed, or other factors dependent
on elapsed time.

A calculation of the true specific surface of the
cand bed was made from the geometry of the constituent par-
ticles to allow compariéon with the value obtained by the
permeability method. However, serious uncertainties were
introduced by the wide variation of shapes of the constituent

particles and by the fact that the relative proportions of the



TABLE IT

Permeablility Measurements with 20 to 28 Mesh Sand.

Run Head Loss Flow Rate Water Kinematic Permeability Kv
h Q Temperature Viscosity v K
1 5.2%8 cm. 1,203 cc./sec, 21,2°C 980x10~5sg. em./sec. 0,434 L, 25x10"2
2 5.96 1.7%36 21.3 978 U433 4,29
3 5.24 1.7%25 21,5 974 RIRns L.32
L 3.13% 2.029 21.5 97l UL L.22
5 9.11 1.997 21,5 97 Juog 4.1%
6 9.23 2,079 21.6 972 22 4,20
7 12,42 2,695 21.7 970 Lol h1e
2 12,48 2.h95 21.7 970 422 h.12
9 12.45 2.700 21,7 9go Lok L.12
10 7.55 1,569 21,8 968 L1433 ety
11 10.67 P.230 21.% 968 27 4,13
Average Kv= 4,19x10-2
Volume of bed = 9.71 x 4,97 ce. = 48,3 cec.
Actual volume of sand = (3.5 cc.= 27.5 cc.
2.57 7
Free volume = 20.% cc,

Porosity ¢ = 20.8 = 0,430

Lg
1&\//1 . ¢
Kv (L ~-¢)=

116.8 sq. cam./cc.

Correction for well surface = 2 = 1.4 sq. cm./cc.
D(1 -¢€)

Corrected specific surface = 116,84 - 1.4 = 115.,4 sq. cm./cc.

o5
Calculated specific surface So




TABLE III

Change of Kv with Flow Rate

Flow Rate Flow Rate
Q Kv ) Kp

1.3%03 cc./sec.  4.25x1073 2,039 cc./sec. L.20x107s

1.325 k.32 2.3%30 4.13
1.736 b,.29 2.695 k12
1.669 4.20 2.695% L.10
1.997 h.18 2.700 h.12

2,029 4,02
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various shapes were not constant over a range of slzes.

The best estimates which could be made indicated that

the true specific surface lay in the range éi to éi,

where dy was taken as the average of the minimum dla-
meters of the sgnd gralns examined. The true surfaée:
for the fraction 20 to 28 mesh was thus 90 to 120 sq.
cm./cc.

The results fromvthe cqmpiete series of measure-
ments with sand beds are summarized in Table IV. The pro-
duct of the specific surface and the average particle dia-
meter (actually the average mesh opening) is listed for
each slize fraction in the last column of the table. If
the shape of the sand grains were constant for each frac-
tion, the product Sod should also be constant. The varia-
tion actually found 1s of the same order and in the same
direction as that predicted from microscoplic examination
of the constituent particles.

The specific surfaces of the 28 to 35 mesh and
35 to 4% mesh fractions obtained by measurement of the per-
meabllities to benzene were in both cases ldwer than those
obtained by the use of water. The differences were 2 1/2%
and 9% respectively.

Table IV also illustrates the relative magnitude
of the wall correction for particles of various sizes. The
wall correction in this instance became less than the experi-

mental error for particles smaller than 35 mesh.




TABLE IV

Permeabllity measurements wlth Screen-Clagsified Sand

Size Fraction Average Liquid Average Poroeity Specific Wall Specific Bod
mesh Particle Kv Surface Correction Surface
Diameter (uncorrected) (corrected)
cm, sq.cm./ce. sqg.cm./cc. sq.cm./ce.
10 to 14 0.141 Water 1.163x10-2 0.4lo 67.9 1.4 66.5 9.38
20 to 28 .0711 Water 4.19x10-2  .U30 116.4 1.4 115.4 g.20
28 to 35 .0503 Water 2.15x10-s 4i3 160.8 1.4 1594 8.02
28 to 35 .0503Benzene 2,58x10~®  .456 157.0 1.5 155.5 7.83
35 to Ug .0356 Water 9.28x10™+ 436 235 1.4 234 8.33
35 to Ug .0356 Benzene 1.267x10~8 ULy 213 1.4 212 7.55

g to 65 .0252 Water 5.61x1074¢  .430 293 1.4 292 C O 7.36
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(c) Measurements with Small Glass Rods

The first step toward the investligation of
elongated particles was taken by the use of short lengths
of slender glass rod. This material was prepared by draw-
ing out heated glass rod to an approximate diameter of
0.04 centimeters, rejecting oversize and undersize portions,
and cutting into & millimeter lengths. The diameters of
a random sample of 200 of these rods were measured with a
micrometer. A bed was preparéd by packing a welghed quan-
tity of the glass into the permeability measuring tube with
constant stirring, to obtain as nearly as possible random
orlentation. The results of a permeability determination'

with water were as follows:

Average diameter of rods = 0.0407 cm.

Ratio of length to diameter of rods E = 20

Diameter of permeability measuring tgbe = 1,91 cm,
Depth of bed of glass rods = 8.00 cm.

Porosity of bed = 0.685

Average value of Ky = 4,78 x 10~2

Specific surface (uncorrected) = 115 sq. cm./cc.

Wall correction = 3.0 8q. cm./cc.
Specific surface (corrected) = 112 sq. cm./cec.
4= .
True specific surface ndl +fs  _ 4103 sg. cm./cc
a=
nu:l

Ratio of calculated speciflic surface to true specific
surface = 1.11
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(d) Measurements with Copper Wire

A somewhat greater ratio of length to diameter
for the constituent particles was obtained by the use of
5 millimeter lengths of No. 3%& enamelled copper wire. A
bed of this material was formed with constant stirring to
obtain fandom orientation of the wires. The permeability

df the bed to water was then measured in the usual manner.

Diameter of wire = 0.01017 cm.
Ratio of length to dlameter % = 50

Diameter of permegbility measuring tube = 1.91 cm.
Depth of bed of wire = 12.00 cm.

Porosity of bed = 0.830

Average value of Kv = 2.14 x 1072

Specific surface (uncorrected) = 433 sq. cm./cc.

2
.170 x 191

Wall correction =

6.2 sq. cm./cec.

Specific surface (corrected) = U427 sq. cm./cc.

True specific surface (neglecting area of ends) =

al &

= 394 gq. ecm./cc.

Ratio of calculated specific surface to true specific
: surface = 1,08

(e) Measurements with Glass Wool

To secure higher porosities and still greater
ratios of length to diameter for the constituent particles,
beds were prepared from ordinary glass wool. For this purpose

the most compact and uniform bundles of glass fibers were
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selected from a large quantity of glass wool. The bun-
dles were stretched and rolled to bring the fibers to a
parallel position, and were then cut into the required
lengths with shears. Two different ratlos of length to
diameter were obtained by cutting the fibers into lengths
of 1 1/2 and 6 millimeters.

The true specific surface of the materlal was
estimated from the perimeters and cross-sectional areas
of a random sample of flbers. Paraffin-black sections of
the fibers were prepared for-examination with a micrometer
microscope. The fiber outlines were subsequently plotted
on graph paper for measurement of areas and perimeters.

Since i1t was expected thet particles of thls type
would show a declded tendency toward orientation during the
packing process, beds of glass fibers were prepared in two
different ways. In the first serles, beds were prepared
by feeding the fibers into the dry permeability méasuring
tube, stifring constantly to obtain random packing. Water
or benzene was then added and entrained alr was removed by
reducing the pressure above the liguid. In the second
series, the permeabllity tube was filled with water before
the addition of the glass fibers. The fibers were suspended
in the water by vigorous stirring and were then allowed to
settle. It was assumed that preferential orientation in hori-
zontal planes would be produced in the latter case, and that a

comparison of the two results would indicate whether the effect
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were significant.

The results of the permeabllity determinations
are summarized in Table V. The wall correction has been
omitted throughout in view of 1ts negligible size for large
specific surfaces. The values listed for the product Kv
are in each case the average for 10 or more permeability
measurements, As with sand grains, a general trend to-
ward decreased Ky with increased flow rate was noted in each
series. The trend was of the order of the experimental
error (i.e. a decrease of 3% in Kv ror'a range in flow rates
of 3 to 1), but was clearly evident.

Table V shows that slightly higher values of cal-
culated specific surface are obtalned when the constituent
fibers are allowed to orient themselves by settling from
suspension, The results also show that the calculated speci-
fic surface obtained by the use of benzene iB approximately
6% lower than that obtained by the use of water; this effect
is similar to that noted with sand grains.

(f) Measurements with Corning Fiberglass

A close approach to natural fiber dimensione, to-
gether with a very large departure from spherical form, was
obtained by the use of Corning Fiberglass No. 008, This
material was received from the manufacturer in the form of
a thin mat of long fibers, from which bundles of nearly
parallel fibers could be produced by rolling and stretching.
‘These bundles were cut into 1 1/2 or &-10 millimeter lengths,



TABLE V

Permeability Measurements with Glass Wool

Fiber Length Ratio % Method of Liquid Average Kv Porosity Calculated Specific

(mm, ) Packing Surface (sq. cm./cc.)
6 200 random benzene U4,670x1073 0.910 1965
6 200 - pandom water 2.95x1073 0.895 2090
6 - 200 settling water 1,106x1072 0.846 2130
11/2 50 settling water 1.294x1073 0.857 2165

True specific surface from microscoplic examination = EOOQi 100 sq. cm./cec.

TABLE VI

Permeablility Measurements with Cornlng Fiberglass

Fiber Length Ratio 1 Liquid Average Ky Porosity Calculated Specific Surface
d ' (sq. cm,/cc.)

11/2 mm, 200 benzene  2,32x107*4 0.885 6660
g -~ 10 mm, 1000 benzene 4.08x10™¢ 0.919 7540
> 100 cm. > 108 benzene  5.30x107¢ 0.928 7560
>100 cm, > 108 water 4,97x10"4 0.970 8070

True specific surface from microscopic examination = 7000 ¥ 400 sq. cm./cec.

!
=
b
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ylelding fibers with ratios of length to dlameter of 200

of 1000 respectively. An extreme case was also investi-
gated in which the unravelled strands were used in their

original length of 100 to 200 centimeters.

Beds were formed by packing the fiberglass into
a dry permeability tube, adding'water or benzene, and re-'
peatedly reducing the pressure above the surface of the
liquid to remove entrained air. The cross-sectional areas
and perimeters of a number of glass fibers were measured
microscopicglly to enable calculation of the true specific
surface.

The results of permeablility measurements with
benzene and watef are presented in Table VI, . Their re-
sults show an increase in calculated specific surface with
increased ratio of length to diameter. As 1n previous cases
the specific surface derived from pérmeability measurementg
wlith benzene is approximately 6% lower than that obtained
with water,

(g) Measurements with a Mixture of Glass Fibers

A wide varlation of flber dlameters 1s present
in many naturally occurring fibrous materials. It was thus
considered desirable to obtaln information on the validity
of the Kozeny equation where such a slze range existed. A
mixture of approximately equal weights of fiberglass and
ordinary glass wool, each in 1 1/2 millimeter lengths, was
prepared. The permeablility to water of a bed of this mat-

erial was deterﬁined in the usual manner,



47—
Diameter of largest fiber = 0.035 mm.
Diameter of smallest fiber = 0,0052 mm,
Average Ky = 7.62 x 10~¢
Porosity ¢ = 0,909
Calculated specific surface 8o = 4820 sq. om./cc.
True specific surface = 4700 £ 300 sq. cm./cc.

(h} Measurements with Celanese Yarn

Celanese yarn, a materisl of diameter comparable
to glass wool but with an entirely different type of surface
was selected for the final investigation. The yarn was cut
into § millimeter lengths and kae then unravelled by rubbing.
The permeabllity to benzene of a bed formed from the fiber
mass was'determined 1n the usual way.

The true specific surface wae estimated from mi-
croscoplc examlination of a number of fiber cross sections,
Thé areas and perimeters of these sections were measured
from drawings on squared paper, The forms most frequently
encountered were irregular, corrugated cylinders. Due to
the complexity of the cross sections, the accuracy of the
measurements was not better than *20%.

A complication introduced by the use of celanese
was the poééible change in fiber dimensions with moisture
content, For this reason benzene was employed for the per-
meabillity determinations and for measurement of the super-
ficlel density of the fibers by the displacement method.

While no confirmatory measurements were made, it was assumed
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that no significant change in fiber dimensions or mois-
ture content would occur during the»short period of fhe
experiment.

The results obtailned from permeability mea-
surements with two separate beds of celanese fibers are
summarized in Table VII.

(1) Discussion of Reésults

Substantial agreement is shown between the
valuer of specific surface calculated from permeability
determinations and from the geometry of the constituent
particles in all of the preceding investigations., With
materlals most nearly simulating natural fibers, such as
celanese and fiberglass, the agreement is actuallyﬁwithin
the accuracy of the geometrical measurement, It is
therefore indicated that equation (18), the Kozeny-Carman
equation 1s valid for an extensive range of particle
shapes and sizes.

Several additional points are worthy of note.
The presence of more than one size of particle (at least
for two sizes in approximately equal quantities) does not
affect the applicablility of the equation. Indeed, in a
recent paper Carman (36) has shown that satisfactory agree-
ment is obtained with mixtures of very wide size range,
Using three samples of spherical glass particles of dia-
meters 2 to 40 microns, 10 to 90 microns and 10 to 140

microns, agreement with 24 was found between the calculated
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TABLE VII

Benzene Permesgbllity Measurements with Celanese Yarn

Fiber Length Ratio 1 Average K» Porosity Calculated Specific

[-A Surface(sq.cm./cc)
5 mm. 200 1.574x10-%  0.#98 2950
5 mm. 200 1.749x10-= 0,904 2990

True'specific surface from microscopic examination
. = 3000 * 600 sq. cm,/cc.
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"and true values of specific surface. It 1s thus not im-
probable that satisfactory.results may be obtalned with
fibrous materials of considerable slze range,

Non-uniform packing of the bed does not appear
to be a troublesome factor, even though discontinuilties
must oécur with the more elongated particles, This is
striking in view of the wide variation of the porosity
funetion Tif%??Ta of the Kozeny equation with relatively
gmall changes 1n the porosity €. It had been feared that
the effect of the more closely packed portions of the bed
on the permeability would not be counterbalanced by the
looser sectlons.

The effects of particle orientation may be noted
in certain of the results of the preceding investigations.
The value of the proportionality constant k of equation (17)
was chosen a8 0,20 by Carman from analysis of data on near-
spherical particles such as sand grains, In such cases
all orientations are nearly equally probable, However, for
a bed of rod-like'particles the permeablility will obviously
be much less 1f all are packed with thelr long axes normal
to the direction of flow than if packed parallel to the

direction of flow, Fowler and Hertel (28) have deduced
(8in? ¢ )Av.

that k should be approximately equal t , Where

¢1is taken as the angle between the direction of macroscopic
flow and the normal to an element of surface exposed to the

flow. On this basis, k would depend directly on the
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orientation of the particles comprising the bed, and would

have the following values:

For a bed of spheres k = 2/3 0.22
3
For cylinders parallel to flow k = % = 0.3%3
For cylinders normal to flow k = EZE_ = 0.17
| 3

The constant K in tﬁe Kozény-Carmah equation
(18) would therefore have the values 14.7, 18.1 and 12.8
respectively.

With rod-like particles, ordinary meﬁhods of bed
formatioh should favor orientation in the horizontal direc-
tion, resulting in decreased permeability and increased
apparent specific surface. The results of the preceding
investigations with elongated particles do show a calculated
gpecific surface slightly greater than the true specific sur-
face whenever the true surféce area was measured'with suffi-
clent accuracy for the effect to be detectable, The differ-
ence 1s particularly noticeable with glass wool, where orient-
atlon was purposely introduced by allowing the fibers to
seftle in water,

The effects of particle orientation might be ex-
pected to be very significant with nafural fibers where the
horizontal orientation would be increased by compression of
the bed. Thle factor would require careful investigation

before the Kozeny-Carman equation could be applied to mea-
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¥

surements with wood-pulp or similar fibers.

The chemical composition of the so0lid particles
appears to exert no significant influence on the permeability-
specific surface relationship. However, a slight difference
i1s found between. the values of speclfic surface calculated
from permeabllity measurements with polar and non-polar \
liquids, e.g. water and benzene. On theoretical grounds,
the nature of the solid and liquid would not be involved
unless a stetionary layer of liqﬁld of significant thickness
were in contact with the solid surfaces. In that event,
different thicknesses of the stationary layer might be ex-
pected with different combinations of solid and liguid. The
effect would obviously be greater with small particleé where
the reduction of the effective pore dlameter would be rela-
tively large. This problem 18 discussed more fully in
Part Ib, where comperisons are made of the permeability
values obtalned with a varlety of liquids and gases.

A trend toward decreasing values 6f the product
Kv with increasing flow rate, in a series of runs on one bed
of material, is apparent in many cases. Investigation of
this effect is difficult since the overall decrease in Kv 1s
of the same order as the experimental error. Carman (3)
has shown that the permeabllity-specific surface relationship

falls for values of the ratio Q greater than
AVSo(l - € )
2.0 or less than 10-s3, However, in the series of runs with

28 to 28 mesh sand the decrease is clearly shown, but the ex-



=53=

treme values of Q ~ are only 0.41 and 0.85. The
AVSo(1 -¢)
poseibility of a reduction in the thickness of the station-

ary layer of liquid in contact with the so0lid surface with an
increase in liquid velocity has been discussed by Carmen (3),
Darapsky (23) and others. However, in this event an increase
in the flow rate would result in an increase in the value of
Ko . The only remaining explanation is the head loss due
to turbulence and velocity changes in the permeabllity mea-
suring tube. With streamline flow, friction forces external
to the bed appear as a fixed increase in the resistance of
the bed, since both are functions of the first power of the
veloecity. 'However, 1nert1al forces are expressed as higher
powers of the velocity, resulting in a continuous decrease

of Kv with increasing velocity.

(J) Refinements of Technique for Routine Measurement of

Liquid Permeabllity

The apparatus shown in Figure 1 was designed for
rgsearch purposes where flexibility and ease of observation
were basic‘requirements. Various modifications may be made
to advantage in constructing an instrument for routine use
with any one type of material. A suggested design for such
an instrument 1s shown in Figure 2.

The bed of solid material is contained in a brass
tube A, This tube is fitted with a liquid inlet connection
B and is threaded into a brass base C. The bed is supported
on a circle of copper gauze D and a metal grid E. The grid

1s constructed of thin strips of brass silver-soldered into
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an outer ring, as shown in the auxilliary view of Figure
2. The grid rests on a shoulder F when the tube 1s
threaded into the base.

o B

Plan view of geid '€

‘ . -

? ) .
: ) | APPARATS FOR  ROUTINE .
! . K LIGUID PERMEABILITY MEASUREMENTS

';»i« Figurqfai' 

The depth of the bed 1s measured by means of
the plunger/d.. Thié»plunger_bears a perforated disc at
the lower end to rest on the top of the bed. The stem of
the plunger passes thiough a cap H, which is threaded into
the top of the tube. The depth of the bed is read direct-
ly on a scale on the stem of the plunger, The plunger is
also useful for maintaining a definite depth of bed with

loose or springy materials., In_such:égses the plunger 1is
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clamped by the set screw J and is left in place during
the permeability measurement, The resistance of the per-
forated disc will normally be negligible with the type of
material requiring compression. '

The rate of flow through the bed is controlled -
by the 1/8 inch needle valwe K. The head of liquid at
the lower side of the bed\is measured on the glass side
tube L. Since the head of 1liquid in tube A 1s constant,
tube L may be calibrated directly in terms of head loss
across the bed, Tube L 1s connected to the base C by means
of a lock nut and gasket M.

The 1iquild supply system may be similer to that
shown in Figure 1, but need not be adjustable in height.
Thé two units should be connected by means of a flare or
compression type coupling to facilitate removal for cleaning.

An instrument constructed as above possesses the
advantages of ruggedness, accuracy of dimensions and ease of
cleaning. Any non-corrosive liquld may be employed by a
sultable cholice of gaskets and valwe packing. The dimen-
slons of the apparatus may be varled between wide limits to

sult the material under investigation.

(k) Construction of Nomographs for Liquid Permeability -

Calculations

The calculation of specific surfaces from liquid
permeability data by means of the Kozeny-Carman equation is

relatively laborious. However, in a series of measurements

with one bed of materisl the only variables involved are the
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rate of flow, the head loss, and the kinematic viscosity
of theiliquid. A nomograph may thus be constructed for
calculation of the épeclfic surface from these variables
and from the constant factor involving the dimensions of
the bed and the #olume of solid materlal, By this means
much time may be saved where a series of runs are carried
out with one bed of material,

Nomographs may also be constructed for calculation
of the constant factor mentioned above, Unfortunately, the

rapid change of the porosity function €3 , with a small
(T -¢)=

change in porosity makes it difficult to obtain accuracy with
a chart of reasonable dimensions.
The construction of the nomographs may be carried

out in the following manner:

Let the volume of g0lid material in the bed = V cc.
H W diameter of the bed - = D cm.

" " depth ne " L om,

Total volume of bed = EQEE cC,
nD2L,

Pore volume in bed = - V cec.
nD=2L,
-V
Porosity ¢ = I = 1l - by
nD2L nbD3L
n
Permeability K = & QL (from equation (16).)
Ah nD%n o e
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The Kozeny-Carman equation 8o = 1b V/ iv.(l i‘g Ts may
then be written 5 = 14 DR (1 = & );
en be written Sp = um (21)
uQry v 3
© . (ﬂDaL )

Stage I  Calculation of the pewasity function
(1 - ’-I-V )‘3

nDal = A
( Ly )3
no3L
Let ngzL = 4
1og¢'= 1og%+1ogV-2logD-logL'
et 2log D+loglL = 6 (1)

Then 6+ log¢ = log V + log % (2)
(1) x = m (2 log D)

y = ms (log L)

z = mab
Let D vary from 1 to 10 cm.
Ifmy =5, x =10 log D, and D sokle is 10 units long,
Let L vary from 0,5 to 50 cm,
Ifmeg =5,y =51log L, and L scale is 10 units long,

Then ms = Mafa _ 5.5
my +Ma
x =10 log D
¥y=51log L

z =2,50
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(2) Z = maf
a = mse logo
b = ms log V (omitting f until scales

are located)
Let ¢ vary from 0.01 to 1.0
If me =5, a =5 logé, anddscale 1s 10 units long

— _Mamg =
.z =258
a =5 log¢
b = 1.667 log V

The chart is constructed as shown in Figure 3,
It will be noted that the positions of the ¢ and V scales
have been interchanged to obtain a more open ¢ scale. A
starting point for the V scale 1s located by setting
D=2,0,L=73.82and ¢ = 0,1, when V = 10,0.

Since the porosity function il.:géla is re-
quired for the succeeding calculations, t§; values of this

function are plotted directly on one side of the ¢ scale.

(1 -9)°
¢)2

against ¢on log paper, and then selecting the values of ¢

This is most easily done by construeting a curve of

corresponding to integral values of i;—:iéls. The symbol

¢2
A will be used in the remainder of this section to denote
(1 -¢)°_ €3
the porosity function pE = TT=E)E

Stage II

Calculation of the constant factor for a given bed of material:

Se = oty from equation (21)
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Let n =\%%EE§
T

Then S = n %? (22)

And n incorporastes all the factors which are constant for
a given bed of solid materisl.

_ nD3A = [D
n = ll‘-—u_-ﬁ- 12.)4' D E
log n = log 12.1 + log D + 1/2 logd =~ 1/2 log L

Let log D -1/21logL = 0@ (1)
Then § + 1/2 log A = log n - log 12.4% (2)

(1) x =my log D
y = - me (1/2 log L)
Z =m3 0

Let D vary from 1 to 10 cm.

If my =10, x = 10 log D, and D scale is 10 units long
Let L vary from 0,5 to 50 cm.
If m2 = 10, y = -5 log L, and L scale is 10 units long

Then ma = _Mams = 5
my + M2

10 log D

o]
i

-5 log L
z=56

]
!}
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(2) z = ms 0

m
]

me (1/2 log &)

b =ms logn (omitting 12.4 until scales
are located)

Let A vary from 2.2 to 2020

me = 5

If , a = 2.5 1loga, 2nd Ascale ie 10 units long

Mama

Then ms = ——Z -~ = 2.5
mz + Ma
S.z2 =528
a=2.51logA
b=2.%51logn

The chart is constructed as shown in Figure U,
A starting point for the n scale 1s leocated by setting

D=2.01L, L =5.0and A= 20, wvhen n = 50.

Stege TII

Calculation of the specific surface:
S = n LEL. (equation 22)
(0] Qﬂ 1
log S = log n +1/2 logh - 1/2 1log Q@ - 1/2 logv

Let 1/2 1log h = 1/2 log 0 = (1)

o}

And et p - 1/2 logy = a (o)

Then g + log n = log S (3)
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x =m (1/2 log h)

y = -ma (1/2 log Q)

N
I

ms p

Let h vary from 0.1 to 20 cm.

Ifm =10, x = 5 1log h, and h scale is 11.5 unite long
Tet Q vary from 0.01 to 10 cc./sec.

If ma = 10, y = =5 log Q, and Q scale is 15 units long

Then ms = _Mala
my + Ing

W
U1

x=5%1logh
y ==51log Q

z =5p

z =ma P
a = -mg (1/2 logv)
t = me g
Let p vary from 0.00) to 0.1 sq. cm./sec.

If ms = 10, a = =5 logy , and) scale is 10 units long

Then ms = _ 1304 = 2,23
ma + e



Let n vary from 10 to 104

If me = 5, ¢ = 5 log n, and n scale is 15 unite long

msm
Then m, = ——o%_ = 2.0

Ms + Me

b = 7.7%%q

o
I

5 1log n

o
i

e 10% SO

The chart 1s constructed as shown in Figure 5.

A sterting point for the 8y scale 1s located by setting
h=1.,0, Q=1.0,2 =10"% and n = 10® , when So = 10%,

The charts of Figures 3, 4 and 5 should be construc-
ted with a unit length of at least 1, and preferably 2 inches.
The recsulting meximum heights of the charts are then 1% and
70 inches respectively. The accuracy normally pnssitle with
2 2 inch unit length is 3% for A , ¥19 for n and 2% for S, .
The resulting 16% cumuletive error in calculating So entirely
by the use of the charts 1s somewhat greater than the experi-
mental error. t ie therefore generally advisable to calcu-

late the constant factor n by logsrithms and use the chart of
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Figure 5 for the finsl stege only. However, for aporoxi-
mate work with a variety of materiels much time may be

saved by the use of tha charte for the complete calculation.
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PART Ib

Measurement of Speciflc Surfaces by the

Gas Permegbllity Method
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1. INTRODUCTION

The theoretical development of the Kozeny
equation suggests no restrictions as to the nature of
the fluid. However, as briefly mentioned in Part Ia,
it is probable that the true picture of flow through a
porous medium is not guite ldentical with that consider-
ed in the derivation. The notion of a "boundary layer"
is common to all flow problems, whether a material fluid
or heat energy be under consideration. For the case of
fluid flow, it has been postulated that all solid surfaces
are enveloped by an immobile leyer of fluid, the actual
flow taking place outside this boundary layer. The effec-
tive diameter of 2 stream channel in a porous medium is then
the true diameter reduced by the depths of the stationary
layers on the particles bounding the channel. The permea-
bility of the bed, and thus the calculated speciflc surface,
is dependent on the effective dimensions of the stream chan-
nels. Since the thickness of the boundary layer willl pro-
bably vary with the nature of the fluid, it is logical to
expect that the values of calculated specific surface ob-
tained with various liquids and gases will not be identical.

The actual dimensions of the boundary layers have
been the subject of some controversy. The existence of
stagnant reglons may be logically ascribed to forces of ad-

sorption between the fluid and the solid. On this basis,
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Carman has assumed layers of molecular dimensions, 1i.,e.,
10'8 centimeters, Other investigators, however, have provi-
ded evidence that the thickness of stagnant liquid layers
is much greater than this value, For cements with speci-
fic surfaces of the order of 4000 sgq. cm./cc., Lea and
Nurse (37) found that the specific surfaces calculated from
liguid permeability data were uniformly higher than those
calculated from gas permeability data by a factor of 1,% to
1.4, The 1liquld employed in these investigations was a

2% solution of calcium chloride in ethanol, the gases were
hydrogen, nitrogen, carbon dioxide and air, For such a
cement the mean particle diameter would be greater than
1073 centimeters, so that a 108 centimeter layer could
exert no significant effect.

One criticism has been made of the above results:
with a material containing a wide range of particle sizes,
guch as cement, size separation may contribute to the low
permeability found with liquids. During formation of the
bed by stirring the cement powder into the liquld, fine
varticles will be concentrated in the top layer thus reduc-
ing the oversll permeability and increasing the apparent
specific surface. However, large differences have also
been reported by Bozza and Secchl (3%) between the permea-
bilities of fine quartz sand and powdered galena to various

liquids. The permeabilities to agueous solutions were
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found to be approximately 30% greater than those to or-
ganic liquids., Significantly greater permeabilitlies to
alr than to water have been noted by Green and Ampt (39)
with beds of glass spheres, where sedimentation was almost
certainly absent.

The presence of stationary fluld layers obvious-
ly limits the field of application of the permeability
method of surface area measurement. However, the thinner
these layers, the smaller are the channels and the larger
are the specific surfaces for which the method may be used.
It is reasonable to expect that the boundary layers would
be much thinner with gases than with liqulds, so that a gas
permeability method would be applicable to larger specific
surfaces, Lea and Nurse (37) concluded from their inves-
tigations that liguld permeability measurements were suitable
only for specific surfaces up to 1000 sq. cm./cc., while air
permeability measurements were satisfactory to at least 4000
sq. cm,/cc. With cements having specific surfaces of 3000
to 4000 sq. cm./cc., reproducible results were obtained with
four different gases over a wide range of flow rates. Further,
the values of specific surface calculated from gas permeabil-
ities by means of the Kozeny equation were within *2% of
those computed by the Heywood method, using the Andreasen
cubical definition of particle diameter.

It should also be noted that the gas permeability

method possesses great advantages in the matter of bed
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formation. The preparation of an alr-free bed for liquid
permeabllity determinations 1s a serious problem with all
fine powders and fibrous materials. In the case of natural
fibers, selection of a liquid which will not disturb the
original fiber structure and orientation is also difficult,.
No such problems are encountered in the preparation of a
sample for gas permeabllity measurements.

The investigations to be described in the next
section are largely devoted to a comparison of the values
of specific surface obtained by measurements of the per-
meabilities of a variety of materlals to liquids and to
gases. The surface greas are in the range in which Lea
and Nurse observed considerable divergence between gas and
liquid permeablility results. It was hoped in this way to
establish the 1limlts of usefulness of the liquid and gas
permeability methods for measurement of large specific sur-
faces, especlally of fibrous materials,

Unfortunately, this objective was not completely
attalned in the investigations to be described. The out-
break of hostilities made it desirable to undertake the
measurement of the speciflc surfaces of materials of mili-
tary slignificance. This immediate reguirement made it
impossible to complete a thorough investigation of the gas

permeability method.
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2. EXPERIMENTAL PROCEDURE AND RESULTS

(a) Apparatus and General Procedure

The apparatus employed for the measurement
of gas permeability 1s shown in Figure 6. This assembly
differes from the liquid permeability apparatus in the
use of a capillary flowmeter to measure the rate of gas
flow, and in the use of a manometer to measure the pres-
sure drop across the bed. Accessory egulipment is also
required to maintain a flow of dry gas at constant tem-

perature and pressure.

GAS PERMEABILITY APPARATUS

Figure 6.
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Referring to Figure 6, the permeability tube
A comprises a length of uniform glass tubing closed with
rubber stoppers at both ends. A splral of sheet brass
and a disc of copper gauze support the bed of solid mat-
erial as in the liquid permeability apparatus. A capill-
ary flowmeter B 1s connected in series with the permea-
bility measuring tube. Water manometers C and D are
arranged to indicate the pressure drops across the bed
of material and across the flowmeter, respectively. By
the use of four sizes of caplllary flowmeters a wide range
of flow rates can be measured with accuracy. Open tube
manometers © and F are also provided to indicate the pres-
sures at the 1inlet and outlet of the caplillary flowmeter.
While not essential for routine work, these are helpful
in showing the actual pressures in the system during pre-
liminary runs and flowmeter calibration.

The gas flow is controlled by the needle valve
G, connected to a source at 10 to 25 pounds per square inch
pressuré. The water column H provides pressure regulation
at the discharge side of the needle valve. The level of
water in this column 1s adjusted to obtaln the necessary
pressure for each flow rate, With steady sources of com-
pressed gas 1t is often possible to dispense with the water
column, thus reducing the time required for a series of per-
meabllity measurements,

The gas stream 1s dried by passage through two
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bottles J and K containing concentrated sulphuric acid,
and through a phospvhorus pentoxide tube L. A plug of
fiberglass 1s inserted in the outlet end of the phosphorus
pentoxide tube to remove dust, The gas finally passes
through a coll of copper tubing M for temperature adjust-
ment before entering the permeability tube.

The permeability tube A, the capillary flowmeter
B, end the copper coll M are enclosed in a constant temper-
ature air bath. The bath is fitted with cooling coils and
electric heating elements so that temperatures above or be-
low that of the room may be maintalned. A fan and a ver-
tical baffle provide repid circulation of air to all parts
of the bath. The bath is constructed of one-inch lumber
and is covered with three layers of asbestos paper for
additiongl insulation. Temperature control within 0,2°C,
is obtained throughout the bath by this means,

A 20 liter water reservoir N ic provided for
calibration of the capillary flowmeters. Gas may be
drawn through the flowmeter at a known rate by closing
stopcock O and draining water from N, The gas supply
pressure 1s adlusted by means of the water column H so that
the pressure indicated by manometer F is equal to that of
the atmosphere. Calibration curves for each flowmeter are
constructed for each gas to be used in the permeabllity mea-

surements.,
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(b) Calculation of Specific Surface from Gas Permeability
Data

The Kozeny-Carman relation must be modified ex-
tensively for general application to gas flow through a
porous bed, since the original derivation implied an in-
compressible fluid. It is, however, quite simple to ex-
tend the relation to the special case of isothermal gas
flow.

[
.

Equation (15) may be rewritten as follows by
o
T

substituting S, for

Q = 1033g. kK. __ €3 1 (_EB)
A poM=-€)2 382 §x
The introductlion of the conversion factor 1033 g
causes %E to represent the macroscopic pressure gradient
p

across the bed in atmospheres rather than in dynes/sq. cm.
Multiplying each side by p, the density of the

gas at ahy point in the bed,

Qe = 1073 g. kK, __€°3 P (- SP) (23)
A 8 P (1T =8)2 542 Y ’

Let the density of the gas at the given temper-
ature and at a pressure of 1 atmosphere = Lo

Then, assuming the perfect gas law to be valid,

L =P
where P 18 the pressure of the gas (in atmospheres)

at the point under consideration.
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Let Qp = W, where W 1s the mass of gas flowing
through the bed per second (constant through the system).

Equation (23) then becomes:

i k €3 PoP §P
- =10 s cor (. 2D
A 33 8 Mmoo (1 -€&)2 5o2 ( 8¥)
Since 2P§P = §P=2
W k €3 Lo ( 8P2)
- = 1033 - - (2u)
A Ve R (1 -¢€)® 2842 §y

Let the macroscopic gradient of the square of

the pressure across the entire bed = APz |
L
Equation (24) then becomes:
2
¥ o103 & _£° Po ., AF
A M1 -€&)% 23,2 L
2 3
or 8, = \/1033 g kPo A AP® ¢ (25)
2pW L (1 -¢)= .

Equation (25) can be simplified to a considera-
ble extent where great accuracy is not required. In the
apparatus described in the preceding section, the pressure
drop across the bed is normally only a small fraction of
the outlet pressure, and the outlet pressure is approxi-
mately atmospheric.

Thus AP2 = (1 +AP)2 -1 = 2AFP

4%;i may therefore be replaced by AP, the simple
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macroscoplic pressure gradient across the bed,

Further, since the rate of gas flow 1s measured

at or near atmospherlc pressure, ﬁy = Q.
0

Equation (25) then becomes:

s, = \/lO'}ngAAP e (26)
~Q L (1L ~¢)2

By analogy with the 1liquid permeability coeffi-
cient X, a "gas permeability coefficient" G may be defined

as follows:

QL
G = > (27)
AMH [
AH = pressure drop across bed in centimeters head of gas
- 1033AP
Lo

Accenting Carman's value of k = 0,20 for the

orientation factor, equation (26) becomes:

So 14 fAG Ti—:—gjb (28)

It will immediately be noted that equation (28)
is identical in form with equation (18), the Kozeny-Carman
relation. This relation may therefore be applied with re-
sonable accuracy to the calculation of gas permeability data,
provided that:

(1) isothermal gas flow 1is maintained

(2) the pressure drop across the bed is a small

fraction of the outlet pressure
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(3) the outlet pressure is approximately
atmospheric
(4) the flow rate ies measured near atmospheric

pressure.

Equation (28) is most conveniently expressed by

substituting G = L L P
ANH Ahy P
A h;f); £
then §, = 1%/ — (29)
> \ﬂ @ (-e)F
Where B, = specific surface in sq. cm./cc.
A = cross-sectional area of bed in sqg. cm.
M = viscosity of gas in polses
L = depth of bed in cm.

hy = pressure drop across the bed in cm. of
liquid (from manometer C, figure 6)

Pi = density of manomster liquid in gm./cc.

Q = gas flow rate in cc./sec., as obtalned from
manometer D and the flowmeter calibration.

€ = porosity of bed.

(¢) Measurements with Corning Fiberglass

Corning fiberglass was chosen for the first com-
parison of the liguid and gas permeability methods of sur-
face area measurement. Fiberglass strands 1 to 2 meters
in length and aponroximately 0.001 centimeters in diameter

were used for both series.
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For the gas permeabllity measurements, a bed
of fiberglass 9.9 centimeters in depth was packed into a
tube 2.50 centimeters in diameter. Permeability mea-~
surements were carried out with air, hydrogen and carbon
dioxide. The flowmeter was selected so that the bed and
flowmeter manometer readings were of the same order. With
each gas, the two manometer readings were recorded for a
series of rates of flow, following which the quotients
hy /§ were calculated from the flowmeter cslibration curve.
The porosity of the bed was calculated in the usual way
from the dimensions of the bed and the welght and density
of the filberglass. The results were as shown in Teble
VIII.

The values of specific surface obtained with the
three gases listed in Table VIII show a maximum deviation
of 44 from the mean. This deviation is equal to the pro-
bable experimental error of the gas permeability measure-
ments.

Ligquid permeability measurements were carried out
with & bed of similar dimensions to that described above,
but using the apparatus and procedure of Part Ia. Entrained
alr was carefully removed from the bed by repeatedly reducing
the pressure above the surface of the liquid. Permesbility
measurements were carried out with water, benzene and glacial
acetic acid, using a fresh bed of fiberglass for each liquid.

The results were as shown in Table IX.
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TABLE VIII

Gas Permegbility Measurements with Corning Fiberglass

Gas Porosity Average Viscosity Calculated Specific
hipa/Q (Poises) Surface (sg. Cm./cc)

alr 0.920 0.837 1.832x1074 7360
hydrogen 0.920 0.45k4 0.382x1074 7780
carbon 0.920 0.675 1.51x1074 7300
dioxide

True specific surface = 7000 400 sq. cm./cc.

TABLE IX

Liquid Permeability Measurements with Corning Flberglass

Liquid Porosity Average Kv  Calculated Specific
Surface (sg. cm./cc.)

water 0.935 5.65x10~4 8200
benzene 0.917 3.55x1074 7850
acetic 0.928 5.73x10™4 7250
acid

True specific surface = 7000 ¥ 400 s¢. cm./cc.
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The values of specific surface obtained by the
use of liquids (with the exception of acetic acid) are
seen to be higher than those calculated from gas permea-
bility data. The differences are, in thls case, some-

what greater than the probable error of the measurements.

(d) Measurements with Natural Wool

Beds were prepered from woolen yarn to test the
correlation between gas and ligulid permeabllity data for a
surface qulte different to that of glass. The wool filbers
were unravelled and cut into lengths of approximately 1
centimeter, and were packed at random into the permeability
measuring tubes. The results of measurements with alr and
benzene on two beds were as shown in Table X. As with glass
wool, the specific surface calculated from liqulid permeabil-
ity data was slightly higher than that obtained from gas

permeablility.

(e) Measurements with Acetylene Black

The liquid and ges permeability methods were
next compared for a materisl of very large specific surface
but of non-fibrous form. Four samples of acetylene black
supplied by Shawinigan Chemicals Limited were employed for
this purpose.

The beds of acetylene black for the gas permea-
bility measurements were supported on thin pads of fiberglass

over the copper gauze in the permeability tube. The resistances



TABLE X

Alr and Benzene Permeabllity Measurements with Wool,

Fluid Porosity Average mpir Average Ko Calculated Specific

Qs Surface (sq. cm./cc)
air 0.240 1.32x10% 1470
benzene 0.800 9.92x1074¢ 1590
TABLE XTI
Gas permeability Measurements with Acetylene Black \
02
Sample Gas Porosity Average o, Calculated Specifie T
Qu Surface (sq. cm, /ce)
#1 air 0.924 1.7%85x104 gL, 000
oxygen 0.984 1.62x10% 133,000
#2 air 0.946 4. 10x10*% 3,000
oxygen 0.946 6.49x10% 3,000
#3 air 0.895 1.48x105 33,000
oxygen 0.905 2.43x10°5 54,000
#U air 0.850 2.76x10* 9,800
oxygen 0.85%8 9.11x10%° 5,000
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of the pads were first determined by blank runs, and
were found in every case to be negligible by comparison
with the resistances of the beds. The beds of acetylene
black were allowed to settle to constant depths before
permeability measurements were commenced, by passing dry
gas through the beds at a flow rate higher than the maxi-
mum to be used in the measurements, The results of per-
meagbllity measurements with alr and oxygen on the four
samples were as shown in Table XI.

The densities of the acetylene black samples
were measured by dlisplacement of benzene in a pyknometer
flask. The acetylene black was first boiled in the ben-
zene for fifteen minutes to displace air as completely as
possible, The mixture was then cooled to room temperature
and diluted with benzene to fill the pyknometer bottle.
The density values obtained in this way were used in dalcu-
lating the bed porosities for both gas and liquid permea-
bility runs.

Liquid permeability measurements were carried
out with benzene and with water, to which had been added
a trace of acetone to faclilitate wetting. As before, the
beds of acetylene black were supported on thin pads of fiber-
glass over the copper gauze. The resistance of each pad
was first determined by a blank run, and was subtracted from
the resistance (reciprocal of permeablility) measured with

the actual bed. The beds were prepared by boiling the
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TABLE XII

Liguld Permeability Measurements with Acetylene Black

Sample Liquid Porosity Average K» Calculated Specific
Surface (sg. Cm./cc.)

#1 benzene 0.984 1.43x1078 225,000
water 0.984 5.47x10™5 116,000
#2 benzene 0.960 7.421»:10"6 120, 000
water 0.96k4 1.4lx10-5 97,000
#3 benzene 0.931 2.83x10"° 34000
water 0.936 3.68x10"5 33,000
#l benzene 0.913 1.96x10~8 32,000
water 0.890 1.29x10"4 9,100
TABLE XIII

Calculated Specific Surfaces of Acetylene Black Samples

Specific Surface (sq.cm./cc.)

Fluid  Sample #1 #2 #3 #U

Air 84,000 33,000 33,000 9,800
Oxygen 133,000 43 000 54,000 5,000
Benzene 225,000 120,000 34,000 32,000

Water 116,000 97,000 33,000 9,100
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acetylene black in the liquid concerned, reduclng the
pressure above the liquid repeatedly to remove entrained
air, and then decanting the mixture into the permeability
tube. The beds were allowed to settle to constant depth
before use by running liquid through the bed under the
maximum possible head. The results of the liquid per-
meability measurements were as shown in Table XII.

The speciflc surfaces calculated from the gas
and from the liquid permeability data are summarized in
Table XIII for comparison of the two methods, The results
are seen to vary 1in erratic fashion, and indicate only
that the specific surfaces decrease from Sample #1 to
Sample #l. The values obtained with different fluids

for any one sample bear no apparent relation to each other.

(f) Measurements with Respirstor Filter Pads

As mentioned in the introduction, it was origin-
ally intended that the establishment of the limits of use-
fulness of the liquid and gas permeabllity methods would
form the principal subject matter of the investigation.
However, the promising results obtained with fibrous mater-
lals of moderate specific surface made it desirable to apply
these methods without a rigorous study of their range of
validity. It was felt that the liquid and gas permeabllity
methods would provide a valuable tool for examination of

materials where efficiency depended in any way on the surface

area.
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The first materials investigated were a series
of seven wool-asbestos respirator filter pads supplied
by the National Research Councill. No information was
made available as to the composition or method of manu-
facture of these pads. However, the percentage penetra-
tion as measured on a smoke penetrometer was indicated on
each pad.

Beds were prepered by removing the fllter pads
from their tinplate containers and packing them into per-
meability tubes with as little disturbance of the original
fiber structure as possible. Permeablility measurements
were carried out with dry alr and with benzene in the usual
manner, The average densltles of the materlals of the
seven pads were determined by displacement of benzene in
the pyknometer flask.

The results of the permeability measurements with
alr and with benzene were as shown in Tables XIV and Xv
respectively.

The values of specific surface listed in Table
XV (with the exception of Sample 5) show a steady decrease
with increasing smoke penetration. A similar but less per-
fect trend is shown in Table XIV. In both cases the ex-
ceptionally high values of specific surface coincide with
high densities of the samples, These high densities pre-~
sumably indicate high asbestos contents in the filter pads.

Since no detalils are available as to the percentage composition



TABLE XIV

Alr Permeability Measurements with Filter Pads

Penetration

Density

Calculated Specific

Sample (per cent) (gm./cc.) Porosity Average hipa Surface (sq. cm./cc.)
1 .08 144 0.837 .825x10% 8900
2 .10 1.42 0.881 .230x104 6300
Z .15 1.45 0.893 .0lkox104 2900
.20 1.39 0.885 .924x104 600
2 . 30 l.gé 0.895 989x104 Z300
.55 1. 0.881 .020x104 6800
7 .70 1.37 0,881 .56lx10% 4500
TABLE XV
Benzene Permeability Measurements with Filter Pads
Sample  Penetration Density Porosity  Average Kv Calculated Specific
(per cent) (gm./cc.) Surface (sq. cm./cc)
1 .08 1.h4 0.895 1.180x10™% 10,400
2 .10 1.42 0.905 1.615x1074 10,000
3 .15 1.45 0.895 1.360x10™4 9,700
h .20 1.39 0.296 1.410x1074 9,600
5 .30 1.2% 0.243 0.737x1074 12,200
6 .55 1. 0.900 2.60x1074 7,900
7 .70 1.37 0.885 3.28x1074 5,400
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of the filters, the problem cannot be analyzed further,
However, 1t seems probable that the specific surface
divided by the percentage of asbestos (or some simple
function of this quantity) would be found to decrease
with increasing smoke penetration.

The values'of specific surface calculated from
alr permeabllity measurements are in all cases lower than
those obtained from liquid permeability data. The dif-
ferences between corresponding values are in several cases

greater than the probable error of the measurements.

{g) Measurements with Respirator Charcoal

The gas permeability method of surface area
measurement was next investigated as a possible means of
grading respirator charcoal. Four charcoal samples were
obtained from the National Research Council for this pur-
pose. The samples were identified as follows:

Sample #1 English coconut charcoal, 2/3 saturated,
suitable for military use

Sample #2 Canadian coconut charcoal, "“poor",
volume activity approximately 8,

Sample #3 American coconut charcoal, suitable for
military use.

Sample #U4 English briquetted coal charcoal,
gsultable for civilian use only.

Each sample was partially crushed with a steel
roller, after which the broken material was screen-
classified. Air permeablillity measurements were carried

out with beds of the original material and of the various
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slze fractions for each sample. The superficial
densities of the original samples were determined by
displacement of benzene; the values so obtained were
used for all size fractions.

The results of the alr permeablility measure-
ments with the four samples were as shown in Taeble XVI.

Two representative size fractions, 28 to 35
mesh and 65 to 150 mesh, were chosen for further investi-
gation, The permeabllities of these fractions to hydro-
gen and to carbon dioxide were measured for each of the
four charcoal samples, The results were as shown in
Table XVII, |

The specific surface data of Tables XVI and
XVII are summarized in Table XVIII to facilitate compari-

sons of results,

Excluding the original granules and the fractions

below 150 mesh, none of which have definite size limits, the

gpecific surfaces are seen to decrease in the order #3, #1,

#4 and #2. The only exception occurs with the 28 to 35 mesh

fractions and carbon dioxide, where samples #1 and #4 are

in reverse order, The differences between the specific

surfaces of the various samples are in most cases well beyond

the probable error of the measurements, Further, the speci-

fic surfaces are found to be in a sequence which 1s consis-

tent with the information supplied with the charcosl samples,
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TABLE XVI

Air Permeabllity Measurements with Respirator Charcoal

Sample #1 Superficial density = 1.66 gm./cc.
Size Fraction ©Porosity Average f3P1  (Calculated Specific
M Surface (sq.cm./cc.)
Original 0.638 1.94x102 150
20 to 28 mesh 0.640 2.72x103 340
28 to 35 M 0.657 4. 29x10% Lgo
35 to 65 0.65% 1.0Ux10% 750
65 to 150 0.692 3,56x10% 1610
below 150 ™ 0.675 5.56x108 9600
Sample #2 Superficial density = 1.70 gm./cc.
Size Fraction Porosity  Average MRy galculated Specific
QM Surface (sq.cm./cc.)
Original 0.688 1.45x102 175
20 to 28 mesh 0.632 2.59x10° 310
28 to 35 0.635 2.40x10® 430
35 to 65 0.652 7.46x10% 630
65 to 150 0.665 3,00x10* 1400
below 150 0.670 5.92x10°% 10,600
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TABLE XVI (continued)

Sample #3 Superficial density = 1.76 gm./cec.

Size Fraction Porosity  Average EHSL Calculated Specific
Q¢* Surface (sg.cm./cc.)

Original 0.653 1.73x102 164
20 to 28 mesh 0.680 2.27x10% koo
2% to 35 0.692 3.97x10°% 570
35 to 65 0.698 g.84x10° 870
65 to 150 " 0.705 2.80x10% 1870
below 150 " 0.725 3.75x108 11,300
Sample #U Superficial density = 1.70 gm./cc.

Size Fraction Porosity  Average ey Calculated Specific
QM Surface (sg.cm./cc.)

Original 0.621 1.95x10% bk
20 to 28 mesh 0.635 2.3%x10° 320
28 to 35 0.652 4,23%x1083 470
35 to 65 0.647 1.01x10* 710
65 to 150 " 0.675 2.49x104 1410

below 150 " 0.695 4.75x108 10, 300



TABLE XVII

Gas Permeability Measurements with Respirator Charcoal

Sample Size Fraction Gas Porosity Average hypa Calculated Specific

T Surface (sq.cm./cc.)
1 28 to H 0.679 4.,06x103 10
5 ;R = oned . #6x103 20
a L Hz 0.691 I, 29x102 580
LI Hz 0.651 5.56x10° 500
1 28 to 35 Co= 0.641 4,18x10%2 Lo
2 LU CO2 0.628 4.99x10° Y20
z L CO= 0.682 4. 40x103 50
oo CO= 0.650 5.00x102 g0
1 65 to 150 Hz 0.685 2.25x104 1610
2 O Ha 0.680 2.68x104 1460
3 LI | Hz o.go7 7.53x104 1890
4 L Ha 0.693 2.60x104 1560
1 65 to 150 CO=2 0.692 3.46x104 1590
2 L CO= 0.675 2.58x104 1350
3 W CO=2 o,go5 2.73%x10* 18?0
4 LI CO= 0.675 2.45x104 1410

-16~
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TABLE XVIII

Specific Surfaces of Respirator Charcoal Samples (sg.cm./cc.)

Size Fraction Gas Sample #3 Sample #1 Sample #4 Sample #2

Original air 164 150 14y 175
20 to 28 air 4oo 340 320 310
28 to 35 air 570 4g0 h70 430
28 to 35 Ha 5%0 510 500 420
28 to 35 COz 550 4ho Lgo 420
35 to 65 air 870 750 710 630
65 to 150 air 1870 1610 1410 1400
65 to 150 Ha 1490 1610 1560 1460
65 to 150 COa 1850 1590 110 1350

below 150 alr 11300 9600 10300 10600
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The highest values of calculated specific surface are
obtained with the charcoals stated to be sultable for
nilitary use, while the lowest specific surface corres-
ponds to the charcoal classified as '"poor',

Satisfactory agreement 1s shown between the
values of specific surface obtained by the use of the
three different gases with any one fraction. The differ-
ences are only of the order of the experimental error, al-
though the specific surfaces may be seen to decrease in
the sequence hydrogen, alr, carbon dioxide, in the majority

of cases.

3. DISCUSSION OF RESULTS

The specific surfaces calculated from liquid
and from gas permeability data are in falr agreement for
fiberglass, natural wool, and wool-asbestos filter pads.
Serious discrepancies, however, are encountered with acety-
lene black. One or both of the following may be responsible
for the lack of agreement: first, the experimental errors
involved in dealing with a material possessing the physical
characterlstics of acetylene black, and second, the limita-
tions of the liquid and gas permeability methods.

Serious errors may be introduced into all of the
specific surface calculations as a result of the difficulty
of determining the true densities of the acetylene black

samples, Since the porosities vary considerably with dif-
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ferent beds, the error introduced by the use of an
incorrect denslity value will also vary from run to run,

A second source of error, in the ligquid permeability
determinations, 1s the incomplete removal of occluded

alr from the beds of acetylene black. No assurance can
be given that the quantity of residual air 1s reasonably
constant with different beds. The most divergent value
‘found in Table XIII, the specific surface of sample #4
measured by the benzene permeabllity method, may well

be attributed to this cause. Table XII shows that the
porosities of beds formed in benzene are equal to or less
than the porosities of beds formed in water for samples #],
#2 and #3. For sample #4, however, the porosity in ben-
zene 1s greater than in water, indlcating possible voids.
A lower porosity for sample #} would bring the calculated
specific surface for benzene into line with those calcula-
ted for water and for gases.

The limlits of applicability of the permeability-
speclfic surface relationship may well be exceeded by ace-
tylene black, since the beds possess specific surfaces and
porosities consliderably greater than any investigated hither-
to. The present investigations do not give any direct in-
dicatlion of the particle sizes at which these limits are
reached for liquid or for gas permeabllities, However,

some indication of the order of magnitude may be obtained
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by consideration of the gas and liquid permeability
results for materials of known specific surface.

Stagnant layers of fluid which envelop all
s0lid surfaces in the bed have been considered respon-
sible for the frequently observed fact that calculated
specific surfaces are greater than the true specific sur-
faces. Such layers of stagnant fluld obviously have two
effects; first, to decrease the effective porosity of the
bed, and second, to decrease the effectlve specific sur-
face by 1lncreasing the average particle size. An zgpproxi-
mate analysis of these effects, for a material of simple
physical form such as fiberglass, can be made as follows:

Consider the bed of fiberglass to be composed
of n cylinders of length 1 and radius r, where r is very
small by comparison with 1. Then the true specific sur-

face of the material

_ 2nrl  _ 2 2
So = nr2l T (30)
and the volume of material in the bed = nr2ln

If the total volume of the bed = V, the true

V- nr2ln _ 7 _ A0r2ln

porosity of the bed € = 7 -

Assume now that all surfaces are covered by a

stationary layer of fluid of effective thickness Ar. Then

the effective specific surface 5o = 2_, and the effect-
: r+ar 2
n{r+ar)2ln = 1 - (r+ar)®(1 - ¢).

ive porosity €&, = 1 - 7 ) =
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The effective permeability K, measured for this

bed must satisfy the equation S = 14
Keﬁ Ee a
(r+ar)? \
Therefore —o-— = 14 Kl; [1 -~ (1 -»6)]a
r+AT e [(r+Ar)2 (1 -¢ )] =
re

Solving for Kgv

49 (r+ar)= [1 - L£§§£li (1 - Eﬂ 3

[_(_?:A_I‘)i (1 -e)]a

Ke]) =

e

Let 8, represent the specific surface which would
be calculated from this effective permeabillty, without prior

knowledge of the stationary layer.

1l £s
Then Se = 1,4- \/-re? -(-]—-——_—E—’?—

Substituting the value of Ke» from equation (31)

83
. (r+Arje (1 - &)]3 (32)
re

From equations (30) and (32), the ratio of the
calculated specific surface S, to the true specific surface

So 18 as follows:

Se r+Ar
So [1 (r+Ar)2 (1 - 5)]3

- (r+ar)= _ e r2 N Sq |2
Therefore [1 e (1 Eﬂ STrEE - 3%)
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For a first gpproximation, where € > 0.9,

1= 22000 o) e = ()

Solving for E%QE

r+ATr 1 2

r - 63(80)2- 3¢ 4 3 (%3)
Be

Equation (%3) enables an estimate to be made of
the effective thickness of the stationary fluid layer, know-
ing the true radius or specific surface of the cylindrical
particles, the true porosity of the bed, and the specific
surface calculated from a permesability determination with
the fluld in question,

A calculation of the thickness of the stationary
layer for each of the fluids in Tables VIII and IX is not
Justifiable, since the true specific surface of the fiber-
glass 1s not known with sufficient accuracy. However, taking
the most extreme case, the specific surface calculated from
water permeability data ie £200 sq. cm./cc., while the mean
value of the true specific sufface is 7000 sq. cm,/cc. The
radius of the equivalent cylindrical particle is 2,9 x 1074
centimeters, the true porosity of the bed 0.935. Equation
(33) then indicates that a stationary layer of water 4 x 1075
centimeters in thickness is present,

This result supports the view taken by Lea and Nurse

(37) that the stagnant layers are of much greater than
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molecular thickness, It further indicates that the

limit of applicability of the water permegbility method

of surface area measurement has been reached. The follow-
ing errors are introduced into meassurements with beds of
long cylindrical particles of the above porosity (0.93%5)

by e stationary layer 4 x 1078 centimeters in thickness:

Radius of True Specifilc Error in Calculated
Cylinders (cm.) Surface (sqg. cm./cc.) Specific Surface

2 x 1078 1000 3%

4L x 10™4 5000 144

2 x 10-¢ 10,000 28%

4 x 10-s 50,000 120%

Errors of the same order gs those listed above
are also introduced into specific surface calculations with
spherical particles. Consequently, water permeability
measurements with a material such as acetylene black are
virtually meaningless. It may be noted that a similar sit-
uation was found by Lea and Nurse, who concluded that liquid
permeabllity measurements were sultable only for powders of
specific surface less than 1000 sq. cm,./cc.

No attempt was made in the preceding analysis to
estimate the thicknesses of the stagnant layers for other
liquids or gases, slince the accuracy of the measurements did
not Jjustify such calculations. However, certaln qualitative
observations can be made for these flulds. The values of

calculated specific surface for the material with the simplest
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vhysical form, Corning fiberglass, decrease successively
with the following fluids: water, benzene, hydrogen, air,
carbon dioxide, acetic acid. The true specific surface,
a8 estimated from microscopic examination, 1is equal to
or slightly less than that calculated from acetic acid
permeability.

Various portions of this sequence are reproduced
in measurements with other solids. The series hydrogen,
air, carbon dioxide is found with six out of eight samples
of resplrator charcoal,. The specific surfaces calculated
from benzene permeability measurements with natural wool
and with wool-asbestos filter pads are in all cases greater
than those calculated from air permeability measurements.
The specific surfaces calculated from water permeability
measurements with sand beds are, in turn, greater than those
calculated from‘benzene permeability measurements, The
only portion of the sequence without independent confirmation
is the position of the lowest member, acetic acid.

The above sequence provides experimental evidence
for the postulate that stagnant gas films are thinner than
the corresponding liquid films, Acetlc acid may be a true
exception; however, in view of the limited data, this ano-
maly 1s more probably the result of experimental error. The
relative thinness of the gas fllms signifies that gas per-
meabllity methods may be used for higher specific surface

ranges than liquid permeability methods. While the present
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investigations do not aid in locating the upper limit
for the gas permeabllity method, it is apparent from the
measurements with fiberglass that this limit is well in
excess of 7000 sq. cm./cc.

The results obtained with respirator filter pads
and charcoal indicate that permeability methods may be use-
ful for purposes other then actual measurement of specific
surface, The calculated specific surfaces of the res-
pirator filter pads may be correlated with the smoke pene-
tration values, as mentioned under section 2 (f). The
calculated specific surfaces for the respirator charcoal
samples fall into a sequence which corresponds with the
descriptions of the samples given under section 2 (g). The
latter correlation is particularly striking when it is con-
sidered that the permeabllity method can measure only the
"friction surface" of the constituent particles. The only
portion of the surface which can affect the measured per-
meablility is that which can be traversed by the streamlines
of the fluid; deep pockets and marrow cracks can have little
or no effect. Thus, the differences in total specific sur-
face of the four samples are undoubtedly far larger than
those indicated by the calculated values, This factor limits
the usefulness of the gas permeability method for grading
respirator charcoal, since the sensitivity of the measure-
ments cannot be great,. However, its ease of application may

recommend 1t for certaln purposes.
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PART II

Problems of Explosives Production

Preparation of Carbamite

from Crude Ethylaniline
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1. INTRODUCTION

Carbamite (sym.-diethyl carbanilide) is wide-
ly used as a moderant for coating progressive-burning
propellants, The method of preparation normally em-
ployed involves the reaction of ethylaniline with phos-

gene according to the equation:
2 () NHC2Hs + COClz— {_ DNC2HsCOCzHsN{_)» + 2 HCl

Shortages of pure ethylaniline developed in
Canada during the year 1940 as a result of the rapidly
expanding production of propellants for military use.
The manufacture of ethylaniline was undertaken by the
Dye and Chemical Co., of Canada, and efforts were ini-
tiated to use this material for the production of carba-

mite.

The raw material supplied by the manufacturer
contained approximately 7% of aniline, &5% of monoethyl-
aniline, and 8% of diethylaniline. The following re-
actions were expected to occur on treatment of thls mat-

erial with phosgene:

(a) The aniline would react with phosgene to

form carbanllide sccording to the equation:

2 < ONHa + C0Clz —— < ONHCONH{ + 2 HCl
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(b) The monoethylaniline would react with

phosgene to form sym.-diethyl carbanilide:

2 () NHCzHs + COClz — { )NCaHsCOCzHsN{ » + 2 HC1

In addition, a number of side reactions would
occur at elevated temperatures and in the presence of an
excess of phosgene. One of these would result in the

formation of phenyl isocyanate:
() NHCzHs + COClz —~{_)NCO + CzHsCl + HCl

The characteristic odor of this compound would therefore
be a useful indication of local overheating or excess of

phosgene.

(¢) The diethylaniline would undergo no reaction
with the phosgene but would absorb a part of the hydrogen

chloride evolved by reactions (a) and (b)

The Investigations to be described in the suc-
ceeding paragraphs are primarily applications of established
industrial procedures for the manufacture of carbamite,

Both the du Pont and Imperial Chemical Industries processes
are applied to the crude ethylaniline supplied by the Cana-
dian Dye and Chemical Co. An important phase of the in-

vestigation is the separation of the desired carbamite from

the carbanilide and other by-products of the reaction,
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2. EXPERIMENTAL PROCEDURE AND RESULTS

(a) Du Pont Process

Details of the manufacturling process for
carbamite used by E. I. du Pont de Nemours and Co.
were obtailned through the courtesy of Canadian Indus-
tries Limited. In this process, a mixture of 5K0
pounds of pure monoethylaniline and 850 pounds of di-
ethylaniline, cooled to 1K°~17°C., is treated with
228 pounds of phosgene, The phosgene 1s blown over
the surface of the mixture in an enamelled kettle, The
temperature is allowed to rise to 35°-40°C. during the
absorption, The reaction mixture is held at this tem-
perature for 1 hour after the addition of the phosgene,
then is heated to 100°C. and held at the higher temper-
ature for 1 hour, The contents of the kettle are next
blown into a tank containing 10,000 pounds of cold water;
127 pounds of 93% sulphuric acid are added with thorough
aglitation, and the mixture is allowed to cool to 35°Q,
The product, which should s0lidify at this point, is fil-
tered off and washed free from acid. The acid solution
contains the diethylaniline, which is recovered by neutrali-
zation with sodium carbonate.

A preliminary trial of the above procedure was
carried out with a mixture of 10 grams of pure monoethyl-

aniline and 15.%5 grams of diethylaniline, Phosgene was

condensed in a calibrated receiver cooled by dry ice and
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acetone; 4.2 grams of gas were distilled into the mixture
of bases, contained in a large test tube cooled to 15°C.
After heating by the prescribed schedule, a product was
obtained which consisted of a brown oil together with
crystals of diethyleniline hydrochloride. The crystals
were dissolved when the mixture was poured into water and
acidified, leaving a light colored oil which gradually
golidified on stirring. The solid product was recrystal-
lized from alcohol, ylelding nearly white crystals of
melting point 70° to 71°C.

The du Pont method was next applied to the crude
ethylaniline supplied by the Dye and Chemical Co. of Canada.
The procedure described in the preceding paragraph was
carried out with a mixture of 11,7 grams of crude ethyl-
aniline (containing 10 grams of pure monoethylaniline) and
14.6 grams of diethylaniline. The reactlon mixture was
poured into water and acldified, ylelding a dark brown oil
which solidified to a pasty mass of crystals after prolonged
stirring, The crystals were freed from oll by pressing on
a suction filter and washing repeatedly with small quanti-
ties of alcohol. The solid residue was recrystallized
from hot alcohol, ylelding a product melting at 236°C. This
materisl evidently consisted of carbanilide produced from the
aniline in the raw material. The expressed o0il and alcohol

washings from the carbanilide were united and brought to a
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clear solution by the addition of further alecohol. Slow
removal of alcohol on a steam bath yielded a crystalline
product of melting point 71°C., identified as carbamite,

The third test was carried out to determine the
yield of purified carbamite from crude ethylaniline. For
this purpose, a mixture of %1 grams of c¢rude ethylaniline
and 40 grams of diethylaniline was treated with the theo-
retical quantity (11.9 grams) of phosgene. As before,
a pasty mass of crystals was obtained by pouring the re-
action mixture into water and acidifying. This mass was
washed with water, pressed dry on a suction filter, and
weighed. The dry product was then dissolved in alcohol.
The carbanillde was precipitated by careful evaporation and
cooling and was separated by filtration. The clear alco-
holic solution was allowed to crystallize, following whlch
the crystals of carbemite were separated, dried and welghed.

The aqueous solution containing diethylaniline and
unreacted ethylaniline in the form of sulphates and hydro-
chlorides was made alkaline with sodium carbonate, The
layer of free bases was separated, and the remaining solu-
tion was extracted with ether. The bases were recovered
from the ether extract by evaporation and were united with
the separated layer.

The yields obtained were as follows:

Weight of crude carbamite = 9.8 grams

Weight of purified carbamite = 8.9 grams
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Weight of recovered bases = 50.2 grams

Weight of unreacted ethylaniline (assuming 100%
recovery of diethylaniline) = 7.7 grams
Theoretical yield of carbamite = 20.2 grams

Actual yield = U4U4% of theoretical.

A larger scale test was made with 54.5 grams of
crude ethyleniline, 68 grams of diethylaniline, and 19.5
grams of phosgene. Attempts were made in this test to
geparate the final product of o0il and crystals by selective
solvent action, Both 01l and crystals appeared to be
equally soluble in benzene, carbon tetrachloride, chloroform,
alcohol, alcohol-water mixtures, and glacial acetic acid.
Some degree of separatlion was obtained with acetone and with
Skelly Solve A, the o0ll being slightly more soluble than the
crystals in both solvents. In addition, the reate of solu-
tion of the o0il was apprecisbly greater than that of the
crystals. Repeated washings of the mixture of oil and cry-
stals with small quantities of Bkelly Solve A on a suction
filter yielded clean crystals of carbamite and carbanilide.
However, evaporation of the washings revealed that a consider-
able quantity of carbamite had been lost with the oil.

A still larger scale trial was made with 227 grams
of crude ethylaniline, 280 grams of diethylaniline, and &0
grams of phosgene. The reaction was carried out in a one-

liter round bottomed flask fitted with a small motor driven

stirrer. Great difficulty was experienced in prevented local

-
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overheating of the reaction mixture, Before the addi-
tion of phosgene was complete, the mass had become too
stiff for effective agitation with the small stirrer.,

A strong odor of phenyl isocyanate was observed during

the latter steges of the reaction, The reaction product
after acidification contained an unusually high proportion
of oll and was colored a deep blue, The separation of the
carbamite was consequently laborious, and the yield of
purified product was very low,

An attempt was finally made to reduce the pro-
portion of undesirable by-products by purification of the
raw material, On subjecting the crude ethylaniline to
gimple distillation, a first cut comprising water and a
deep yellow oil of strong sulphur odor was obtained in the
vicinity of 100°C. The main cut was obtained as a pale
yellow oil with a boiling range of 196° to 203°C. Finally,
small amounts of dark colored material distilled, leaving
a tarry residue which could not be vaporlzed without pyroly-
sis,

The main cut from the preliminary distillation was
then subjected to fractional distillation with a short c¢ol-
umn, The first fraction, consisting of a pale yellow oil
of strong sulphur odor, distilled between 90° and 100°C.
The principal fraction was obtained as a colorless oil of

boiling range 196° to 206°C., comprising nearly 80% of the
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original materisal. A small quantity of dark oily resi-
due remained in the distillation flask.

A mixture of 26 grams of purified ethylaniline
and 40 grams of diethylaniline wae treated with phosgene
in the usual way. The resulting product after acidifica-
tion was much lighter in color and separated more readily
than that prepared from crude ethylaniline. Appreciable
amounts of oil were still present in the separated mater-
1al, but were completely removed by pressing and subsequent

recrystallization from alcohol,

(b) I. C. I. Method of Preparation

The procedure employed by Imperial Chemical
Industries Ltd., avoids the use of diethylaniline, Sodium
carbonate solution 1s added to the ethylaniline in suf-
ficient quantity to convert the HCl evolved by %he reaction
to NaCl and NaHCOsa. A small scale test of this procedure
with crude ethylaniline was conducted as follows,

A saturated aqueous solution of 25.5 grams of
sodium carbonate was added to 31 grams of crude ethylaniline.
The theoretical quantity of phosgene was bubbled into the
agueous layer and allowed to rise through the ethylaniline.
Absorption appeared to be repid and complete, As in the
du Pont procedure, the reaction mlxture was held at a tem-
perature of %5° to 40°C. for one hour, then heated to 100°C

for one hour. The mixture was finally poured into cold

water and acidified with sulphuric acid,



-112-

A semi-solid product was obtained which was separated
and pressed on a suction filter, The dry material was
washed with Skelly Solve A, dissolved in alcohol, and
recrystallized. Light colored crystals of carbamite of

melting point 72°C. were obtained.

Yield of pure carbamite = 14,5 grams
Theoretical yield = 28.8 grams
Actual yield = 50.1% of theoretical

(¢) Purification of Crude Carbamite by Vacuum Distilla-

tion

The mixtures of o0il and crystals obtained in
several of the preceding preparations were united and
subjected to vacuum distillation, as a possible means of
purification. The resulting distillate was a clear,
pale yellow oil which qulckly solidified to a crystalline
mass. The solid product was dissolved in a little alco-
hol and allowed to crystallize, White crystals of carba-

mite of melting point 72.5°C. were obtained.

(d) Removal of Aniline from Crude Ethylaniline

An attempt was made to remove aniline from the
crude ethylaniline by preferential reaction with phosgene.
(Complete removal of aniline as carbanilide at this point
would avoid the later separation of oérbanilide and carba-

mite.) A quantity of phosgene sufficient to convert
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the aniline content to carbanilide was passed into 50
grams of crude ethylaniline at 20°C. A completely 1li-
quid reaction product was obtained. Separation of
carbanilide could not be achieved by repeated cooling,

agitation, or seeding with carbanilide crystals.

(e) Preparation of Carbamite from Diethylaniline

The following reaction 1s reported to occur with

dimethylaniline at temperatures near its boiling point:

2 () N(CHa)z + COClz —= { )NCHsCOCHaN{ )  + CHaCl

By analogy, it was hoped that the diethylaniline
content of crude ethylaniline could be converted to carba-
mite and ethyl chloride, thus avoiding the problem of dis-~-
posing of the accumulated diethylaniline.

An excess of phosgene was passed into 30 grams
of crude ethylaniline heated to 200°C. When absorption
of phosgene had ceased, the product was cooled and poured
into water. A dark viscous liquid was obtained which
could not be crystallized by repeated cooling, by agitation
or by seeding with carbamite crystals. Extraction of the
viscous liquid with ether yielded a lighter oil which like-
wise failed to crystallize. Both lighter and heavier

fractions possessed a strong odor of phenyl isocyanate.
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3. DISCUSSION OF RESULTS

The du Pont procedure, employling diethylaniline
for removal of hydrogen chloride from the reaction,
appears to be directly applicable to crude ethylaniline
without preliminary treatment. However, a more easily
purified product 1s obtalned if the crude ethylaniline
is first subj)ected to a stripping process for removal of
sulphur compounds. This preliminary treatment would pro-
bably be advantageous on an industrial scale if suitable
distillation equipment were available.

The I. C. I. method, substituting sodium car-
bonate solution for diethylaniline, also appears to be
apolicable to the crude ethylaniline. The product ob-
tained in the present investigation was of equal purity
and comparable yield to that obtained by the du Pont
method. The I. C. I. method has the advantage of elimin-
ating the use and subsequent recovery of larger quantities
of diethylaniline. Further, the presence of the aqueous
layer aids in controlling the reaction temperature.

If crude ethylaniline (or ethylaniline stripped
free of sulphur compounds) is employed as the starting mat-
erial, carbanilide and carbamite must be separated in the
reaction product. This may be accomplished through the
low solubility of carbanilide in cold ethyl alcohol. Al-

ternatively, the separation may be avoided by removing
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aniline from the crude ethylaniline before use, The
preferential reaction of aniline with phosgene does not
appear to be suitable for this purpose. Fractional
distillation could probably be employed but would re-
guire more elaborate distillation equipment than for
removal of sulphur compounds only.

The methods of purifyling the crude carbamite
require further investigation before use on an industrial
scale. Either vacuum distillation of the crude product
or pressing on a filter followed by recrystallization
from alcohol is reasonable satisfactory on a laboratory
scale. However, nelther of these procedures are directly
applicable to quantity production.

The avoldance of local overheating or excess of
phosgene in the reactlon mixture by means of adequate
stirring appears to be of primary importance. Neglect
of these factors results in side reactions which render the
purification of the carbamite very difficult., An immedi-
ate indication of overheating is given by evolution of the
characteristic odor of phenyl isocyanate.

The relatively low yield of carbamite in the
present tests may be partially attributed to the small
scale of the experiments with the accompanylng mechanical
Iossges. The proportlon of unreacted ethylaniline 1s also

high, as a result of the inefficlient means available for
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disversing phosgene through the reaction mixtures.
It is probable that both of these losses could be con-

slderably reduced on an industrial scale.



