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- INTRODUCTION

This stuly was umdertaksa in the hope shat 4% might
11luniaste the meay interesting conjecturss regarding the mechanism
of the flow of printing ink inte paper during the printing process.
Yrom one peint of view there are two liaiting conditions of interests
the flov of ink without external pressure wnder capillary foroes alene,
and the flov of ink under external pressures so high as to make the
surfsce tension forces negligible. laveoque (19) supports the viev
Shat the flow of ink under high sxternal pressures is so great as to
make the flev dus $¢ surfase Vension forses negligidle. He found that
the oapillary pressure which is responsidle for the absorption of ihe
printing oil by She paper amounted to dus 1.6 1b. per sq. in. ia the
case of a 5. 0. dook paper and 1.0 1. per eq. in. in the case of a
bond paper. Although these pressures are very small ia comparisea
with $hs actual printing pressures whick may range up %o 750 1b. per
sq. in., 1% st be remesdored that the actwal printing pressurs acts
for only a fractica of a second, vhersas the capillary forces may act
for many %imes this long. I4 is commonly thought $hat She astual
printing pressures predeminate duriag she priating impression, while
the eapillary foress predominate during the &rying psriod whiech follows.
Any apprecisdle flow following the impression is undesirable as {4
Sends %o diffuse the primted image} the rheclogical preparties of the
ink are eontrolled %0 minimisze such flewv. The depth te which the ink

venetrates the sheet 18 of importansse. If the penetration is negligibdle



-2-

the iak pigment may not bde satisfactorily vound o the sheel, and the
ink may mot dry properly. If the pemstration is asonsiderable,

exsessive amomats of ink may be required, show=through may be emphasized,
and the printed image may be dull and ehalky. Among the conjectures
regarding the flovw of ink inte paper are those dealing with the pressure
astually olfmiyo during the priatiag impression. In a large "solid
Mlack" the hydrostatiec pressure in she ink may be the same as the
pressures of impression~=i. ¢., the pressure between printing form and
paper. During the very shors interval of the impression, the fnk ean-
Bot eseape laterally and must bear what is essentially the pressure of
impression. On the other hand, wnder a half-tone dot, the ink may

flov laterally rapidly enough o reduve the effective pressure consider-
ably below the pﬁum of impression.

When the flov of ink in%o the shesd takes place under high
pressures, the wettabdility of the sheet by the ink vekicle is mot sa
important variablei vhen the flew Sakss place under capillary forees
alone, the wetsability of the sheet is an important variadbls, unless
all papers are completely wet by the vehiale of all printing inks.
¥any teshaical men delieve Shat She weltability of paper by the
vehicles of ordinary ink is not a variadble in the pensiration process.
1f wet$adility is not a variadle in $he prosess, She rate of penetra~
tion of olils and iak vehicles into paper should be detersined by the
pore sises and thelr dietridution in the sheet, the viscosity and She
surface tension of the liguid, and the pressure differenve driving the
oll or vehicle inso the sheet. In that ease, the ranking of a grewp
of papers by rate of oil penetration should be the same as the ranking



Wy rate of air penetration.

Because of the instadility of inks and the difficuldies of
reprodusing their rheological properdies, tests of ink penetration
into paper are commonly earried out indirestly by using an ofl. ZThess
tests commonly diverge from actual printing conditiems in thad the oil
penetrates an uacompressed sheet of paper under eapillary forces alene.
It is conssivadle, 1f nod prodables, that the rank of a group of papers
a8 regards rate of oil penetration may de quite different when the
penetration takes plase inso a compressed rather than an uncompressed
sheet, regardless of vhether the oil is driven by capillary foroes
alone or by high external pressures.

As was ncted sarlier, ecorrelation betveen alr and oil
permeability may be expected if the wettabilily of the sheet bty the
0il is not a variable. BSuoh a correlation has beer suggested on
soveral ocozsions, but has neither been substantianted nor disproved
(see. for example, Ehaw and Simmons (%)) In many respects, the etudy
of eir rermeability is simpler and mors convenient than that of oil
permeability. A satisfaatory settlement of the validity of the sue-
pested correlaticn between air and oil permeability would constitute
a definite gain in the general study of printadility. The study of
thie correlation would {deally involve the examination of the aiy and
oil permeability of papers in the compressed states. It seems very
likely that the correlation bdetveen the $wo for uncomnressed sheets
Zould be the same as for comprassed shoete.
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HYSTORICAL RXVIXW

The 11 $ of Tandamen Structure of Pape

In the past, a mamber of attempts have Veen made to deter-
mine $he sise of the rores in paper. It may seem pointless even to
broash the question of the sise of the pores in such & structurs,
inasmugh as the fres spaces in the neswork of fiders that constitute
a sheed of paper are extremely irregular and indefinite in shape and
eize. The fash remeins, hovever, that mush sffort has been expended
in attempiing %0 assign some mumerical valus $o characherise the sise
of the pores in paper and various other materials. And She efford
seens Justified, Voth by the vractical usefulness of suoh a awmerical
characterization and by the behavior of the raterials. Altheugh thers
i8 probadly ne such thing in a sheed of paper as a long, eylindrieal
capillary tube, the sheet, nevertheless, behaves in sertain respectd
as if 1ts system of pores vers made uwp of a large bundle of wuch
capillary subes in parallel, making 1% poseible to talk abous and write
squations for a system of pores that dehaves in certain respects like
the aystem of pores in an actual sheet of paper.

*The porous nature of vaper inescapably suggests that the
movensn$ of liquids into and through paper be considered in terms of
capillary systems. The actual structure of paper s, of acurse, not
accurately or sven adequately deseribed by any simple ploture of a
systen of capillaries of varying radii. The pores in the sheet Shrough
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which liquids move are, in general, not even approximately tulmlar

in nature but are more of She nature of the interstices of a compressed
brush heap. Nowever, iam spite of the aotwal complexity of the pore
system of a sheet of paper, 1% is recurrently hoped that the relation-
ships deseriding simple capillary flow will de found applicable $o the
flov of 1iquids into and Shrough paper.® (10)

In general, the flow of liquids Shrough a eapillary, as
through a pipe, may s either laminar or turbulent. If the directioas
of the stream lines Shrough any eross section of the channel do not
change with tims, the flov is lamimari the flow is Surbulent if the
direetions of the stream lines are not eonstant. In the very Sherough
investigation (10) to vhich reference was previcusly made, 1% was
found $hat i appears %o de quite safe to assume that the flow iw
laminar in any penetration of liquids into and through paper.

Mention of capillary flov most sommonly suggests Folssuille's
law—i. e.,
U's (7R /(813
or, if ¢ 2 U/s,
#= TR/ (),
in which U is the volume of liquid that flaws out of a section of
longth L of a long straight capillary of constant internal radiuws B
in Sime § vhen the pressure difference detween the ends of the seetioa
1s P1 7 1s the coefficient of viscosity of the liquid. The geetion of
the eapillary under consideration must be far enocugh from the ends of
the ecapillary that no spesific effects due to the ends of the tubde
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influence She flov Shrough the sectiom==i.s., steady laminar flov

mas$ ocowr.

The average speed of flov (y) is often of interest and i
obtained by dividing the volume rate of flow (4 ® U/3) Wy the erose-
sectional area of the espillary. It is

v = (8%)/(a.1).
This equation may Do used as the starting point for the derivaticm of
equations vhich relate the filled lenghh of the capillary to the elapsed
Mme of flow for () flov of a liquid 4nto a horisontal capillary dus
to capillary forces alone and (B) flow of a liquid into & versieal eap~
f1lary dus to eapillary forces alene. It has deen shown (10) that the
flow of water becomes laminer within a very shors distance of the end
of & fine sapillary, and for liquids of relatively low surfase $ension
and high viscosity, such as eastor ¢il, this distance is rowghly a
millionth of the valus for waler.

It 1s dut a short sten from the case og the single eapillary
%o the systes mads up of a series and parallel ocosbimation of capillaries,
which is of mors practical interess. Yor this condition, the "equivalent
eapillary” is usually definsd as the single capillary through whieh the
velume rate of flow for a given pressurs difference betwesn the ends
of the capillary is equal %o the sum of the rates of flov through the
individual aspillaries.

A detalled discussion of the theory of wetsing is nob
necessary at this poind; hovever, onse or two points of intersst will

be nentionsd. In the particular case of aapillary rise, "spreading*
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involves no change in the area of the aiy-liquid interface and, hencs,
the fres energy change is determined ¥y the adhesion tension alone
(adhesion tension is defined as the surfase tensiom of the liquid
tinmes the cosine of $he angle of contast between the liquid and solid
surfages). The sondision that a liquid rise in the capillary is thad
the adhesion tension be greater Shan sero-~i.e., that the contact
angle be less thanm 909. T eos 6 s the effestive force per unit
length of solid~1liquid inserface caunsing the capillary rise; its
maxisum value is 2 vhen cos 6 ® 1. T is the surface tension of the
ligquid and 6 is the comtact angle.

I¢ seems that, in most peunestration processes, the major
part of the flow Sakes place Shrough the spaces or pores “etwesn the
fivers, rathor $han through she channele within the fibers. Perxeation
of the fibers themselves is generally a slower process than the pene-
iration between the fiders. 7The ghannels ky vhieh liquid passes
fhrough or along a sheet may consist of extremely irregularly shaped
peres intersonnected by many smch smaller constrictions or orifices.
Particularly in the sase of the channels effective in peneiration
Shrough a sheet, there can be litilo distinotion betveen the lengths
and diamsters of the pores.

By straightforward application of eapillary sheory (10), %
is possidle to caloulate the radius of the “equivalent ocapillary” for
a system of eapillaries. It 1s commonly found for paper that the
values of eguivalent radii se calculated are very small as compared with

the size of pores as seen by microscopie observation. However, there
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is ne practical method of estimating the size or relative importanse
of the fine intercomnestions of the pores visidle $o the eys. The
negessity for believing in these small radii can be evaded by consider-
ing the equivalent capillary lengths $o0 be greater than the caliper of
the sheet~~in some cases many times greater, d»ecauss of the tertucus
naturs of the aotual channels.

Since the fiders are preponderantly oriented with their
lengths in the plane of the sheet, the channels affective in the flow
aloag the sheet dirsetion probably differ in sise, shape, distridusion,
and susber from the channels effective in flov through ths sheed.
Consequently, offective capillary radil found for flov in one direstion
should be used to deseride flow in the other direction only with 4us

sognisance of suoh 4ifferendes.

The faat that there are differences between ths rate of flew
of fluids through the shest and the rate of flow along the shest
direction, as sugzested adove, has desn borne oud bty the work of
Sullivan and Hertel (11). They showed that, in axpressing the per-
meability of a porous nedium as a funetion having the form
"X = o3 A/x8%(1-9)2%, the value k must be glven different values for
different orientations of the axpossd surfsoe. In shis squation
'K = permeadility of the mediumi g ® porosity = free volume in medium
divided by the Soral velwms of the mediwa; 5, = specifie surfase
2 sq. em. for mediun divided by es. of solid portion; A ¥ aross-
sectional area of medium; k S proportiomality comstant." TYor glass
fiders oriented parnllel %o the direction of flov of alr, k was found
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to %e about 3.0, for those oriented perpemdiculay to the direetion of
flow of air, k was found %o be abous 6.0. The latter case is roughly

analogous %0 the flov of fluids through a sheed of paper.

Peek and MoLesn (12) have developed & theorstical treatment
of liquid venetration into fidrous materisls as an extension of the
theory developed by Washburn (13) for uniform capillaries. It was
shown that the treatment for penetration into a porocus medium is
similar to that for a uniform capillary, save that consideration must
de given to the fact that the variation in pore sise causes the
resistance $o visdous flow of sash channel %0 be similar %o that of a
nunber of capillaries in series. The final expression, therefore,
involves quantities whose values depend on the distribdusion of pore
sises. Data were vpressnted for the peneiration of six organie fluids
into sirips of filter paper. It was shown that these data agree in
character with the theory of the capillary naturs of the paper.

The work of Oarson (6, J) has Ween monumental. He ooncludes
that "The air passages through paper are very small, having aross
sections of eapillatyidinonsionl. The length of these passages is
an unknewn quan$ity; i% may be anything from the thickness of She
paper to a comparatively lengthy and devious course through the sheet.
The cross-sectional contours are irregular in shape and variable in
size.” All the evidense vhich he has been adle %o focus on the ques~
tion has indicated capillary phenomens within the struoture of the
sheet. The criteria of ypressure difference, tenperature, and thick—-

ness (in the air nermeability measurements on paper) showed a
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renarkably close correspondense between experimental data and
theoretical equstions for she flow of air through long capillary
Subes. This excellent agreement is a notewvorthy circumstance and
throws considerable light om the strusture of paper. It is certain
that the thickness of the paper does not represent the length of the
path through the paper, as has been Treguently assumed. Carson con~
ocludes that the length of the aapillaries present in ths sheet must
be of the order of a thoussnd times as great as sheir dismeter, or
something like 100 times the thiekness of the sheet.

153 P

Consideration of paper for printing is dependeat wpon
properties and funetions vhich, as far as paper testing is concerned,
have until recenily been almost entirely neglected. In this group of
paper characteristios are finish (smoothness or roughness of she sur-
faoe); ink reseptivisy; porosity or alr permeadilisy; surface strength
or resistance to pleking: epacity! formation} softness and eompressi-
Bilisy; dusting and flaking! expamsivity; moisture sonten$; thickness;
6olor and gemeral appearance. The need of reliable methods for measur-
ing some of these properties of paper has been strongly felt by both

paper zanufacturers and printers.

Prom time o time various methods have been devised for
determining separately these charscteristies of paper which are of
importance from the standpoint of printability. However, no single
instrument has been developed which will measure nprinting quality.

In the final analysis the only true method of determining vrrintability
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is %o actually sudject the paper $o printing=-for example, im an experi-
mental proofing press. The nearest means of reporting the printabilivy
as & whole is prodably resched by means of such a proof press. Frior
and Larooque ave the principal exponents of t$he proof press in test~
ing the printadility of paper.

Larcoqus (14) has developed a methed for printing paper with
a hand-gperated leSter-press under controlled conditions of ink sover-
age snd pressure. It was found $hat, in printing, she amount of ink
transferred increases wvith the nrianting pressures. Mt. no

neasurements were made of the prinving pressures.

Prior (1%) used a hand-driven proofpress for axperiments en
the essential factors of printing--namely, type surfase, ink film,
printing surface, and pressure. The press gave wniform results which
enabled $the pressure and ink film to be measured and controlled, so
that different papers sould de compared for printing qualities. It
was found that ink deposits on vaper showed consideradle irrvegularity
when sxamined under a microscope, and that this irregularity eontrolled
the appearancs of the print. Various hypotheses wsre examined to
scoount for the uninked areas, and such evidence as vas availabdle
favored s lack of contact betveen the ink film and the paper dus $o
their relative confours at the merent of printing, vhersas surface
tension effoste and ‘wettability® appeared $o be unimportant. ZThe
press wvas found %0 Yo 7ery useful for predicting the relative bohavior
of different papers on z oommercial dasis, vith regard to evenness
and depth of printing, strike-through, and less direotly, set-off.
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The range of pressures that oan bde employed in priating was examined.
If the pressure is too low, the print is patchy and uneven, and the
upper limit is set by the exbossing of the paper, the strain on the
press and, in commercial practice, the possibility of wear and

dazage o the type. JNor an imitation art paper a pressure of 750 1lb.
per 8q. in. was required to obiain & normal full ir;reseion., and heavy
exbossing sed in at a pressure of 1000 1b. per sq. ia. Yor a newsprint
& presesurs of 290 1lh. per sq. in. gave only a slight impression, but
at 800 to 900 1b. per sq. in. heavy eubossing ocourred. No data for
internediate pressures were given. Ths author of this work admitted
that his figures may be in error by as much as 50 per ocenk.

Yairdrother (16) in his work on printing pressures found
that a pressure of 600 1b. per sq. in. vas required So "bottom® a
cartridge paper, and at 800 1lb. per sq. in., embossing sed in. TFor
glassine a pressure of 225 1b. per uq. in. gave a satisfactory print,
and increasing the pressure up to 395 1b. per sq. in. gave no improve-

men$.

Aceording to Weymouth (16g), "--~ the engravers proofpress
under the proper handling becomes an instruxment of paper tessing whoss
agsuracy has been checked many times directly with commercial presses.
This procedurs yields a resuld vhich cen be visually interpreted and
easily understood by all concerned including the printer snd his cus-
Somer. Simplicity is the keynote of a method which shows simply a
rrinted resuld of an ink on Paper Samples A and B. All shat the

printer or his customer will later see can be predicted from such a




properly devised test.”

The inks used Wy the printing lnmtiy m=ust meet three
basic requirementss quick drying, resistance $o water, and abesnce
of corrosive effecis on the metal printing plates. The major cen-
stituents of these inks are olls, resins, driers, pigments, and dyes.
A nonoxidising mineral oil is used for newspaper ink, which “dries*
entirely by absorption into the paper. A mixture of linsesd and other
oxidiszable oils is used for printing fine papers, and lighter volatile |
solvents are used for rotogravure. The drying of this ink on the
paper ean take place entirely by absorptien of the voh{alo (s 1n she
cass of newspaper printing), by a comdinatiorn of absorption end oxida-
tion (4in she printing of fine papers), or by evaporation of the solvead
(12 rotogravurs prinking). The appearance of the printed surfacs, as
well as the speed and ease with vhich the process can be carried out
will depend to & large extent upon the rate at which the iak dries—

that is, upon the absorbency of the paper.

For instance, too rapid an sbsorption of the ink in newspaper
printing will dn‘ rise to "girike-throughte-in which the oil penetrates
through the paper and seriously detracts from the appearance of the
reverse side of the sheeS. On the other hand, {f the ink dries too
slovly, “offset* and smudging of the sheet will follov during the sube
sequent folding and handling operations. The manner in which the
printing process is affected by variations in the composition of the

ink {s more properly the dominion of ths ink-maker.

It is thought that paper bebaves as a rigid perous structure
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in%o which the oil penetrates in scsordanas with the knmown laws of
sapillarity. The capillary preeyure (P) which draws the oil into the
paper will depend uwpon ths surface tension of the oll, the mean
offective capillary radius (R) of the paper and she angle of con¥act
(A) at which the oil wets the paper. The relationship coanecking them
iss

, Pe (27008 A)/R
This pressure was experimentally determined by Laroscque (17) from
seasuresents of the rate of penesrasioa of oil under pressure, and
was found to be of the order of one 1lb. per sq. in. for a bond and
1.6 1b. per sq. in. for a S. C. book paper. Larecque says: "These
are quite small pressures compared to printing pressures which are of
the order of T50 1b. per sq. in., dud, since they act for a mach longer
tize than the momentary impact of the printing pressure, they are
generally considered to be the main forces that bring about the absorp-

tion of the priating oils into paper."
etrability of Paper for X ing 14 )

041 instead of printing iak has been useld zlrost universally
in investigations of the absorbency or nenetradility of paper. The
ways in wvhich pure oils Aiffer from actusl printing inks as regards
penetration into paper will be disoussed driefly below, and the reasons
will be pointed out why it has been necessery $o use ths pure vehicle

or oil instead of the printing ink.

None of she theoretical relationships whish have been

previously discussed for the penetration of a capillary structure wy
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a trus fluid can be assumed t0 hold for liquids (such as primtiag

inks) whish exhibdit Shixotropic properties and plastiec flow. The rajes
and distances of penetration for such liquide should, in general, b
less than those calculated from theoretical oonsiderations, even for
flov through ideal oylindrical oapillaries.

Iiquids or solutions ocontaining s component vhich is highly
sorbed by the fibers or furnish of paper may not behave according to
the simple relationships, decause of & continunous change in the adhesion
tension of the liquide~furnish mton.u the highly serbed component
is pmm-nlﬁly removed during penstration. It is, of course, quite
possible that one or more of the components in a printing iak may be
sorbed in this manner Wy the paper.

liquids, such as printing inks, which contain dispersed
zaterial nay shovw s complicated behavior becavss of the tiltoﬂu—mﬂ
of the dispersed material by pores near the surface of the sheet. The
resistance to flov of the vehicle may thus de progressively incrsaced
as the offective cross sections of the surfage pores gradually decrease,
becanses of $he scoummlation of originally dispersed material.

Printing ink, dus S0 its oolloidal nature, cannot be exactly
duplicated vhen 1% is preparsd from time to time, and is furthermore
subject $o oconsideradle change on aging. Om the other hand, pure oils
of suitable viscosity can be readily obtained. Since they are but litstle
affected by aging, they give resulis wvhich can be duplicated at any
time. In addition, extremely small amounts of oll can be maasured and
manipulsted with an ease and acouracy which cannot be attained with
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priasiag ink.

To wvhas extent one is jJustified in drawing conclusions as
%0 she penetradilisy of paper for inke from data obdtained for the
penetrability of the {ak vehiele or oil alone ;u a question vhieh never
has deen, and perhaps never will be, dafinitely settled. To say that
the data acousulated by the many investigators wvho have dealt vith
purs oils is valueless so far as determining the printabilisy or
penetrabilisy of paper for inks is concerned would undoubtedly bde
untrue. On the other hand, it would probably be equally misleading to
say that oil peneirabdility data represent directly the vrintabdility
of the sheet. The views of larooque (34, 1]) represens the former of
these Wwo extremes, and those of Ank-Weorinen and Backmen (18) repre-
sext $he laster. lLarocque found tha$ She amount of ink offsed which
can be made 0 Sake place immediately after printing is directly
related to the resistance of the papsr %o ponofutian By oil. Hence,
0il instesd of ol and pigunent was used By hiz in experimental print-
abilisy determination work because of the greater convenience and
ageuragy. Ant-Wuorinen and Baekman, on the other hand, concluded that
‘however interesting the question of the mutual behavior of paper amd
oll, the printability of paver camnet be judged beforehand on the
basis of paper-oil tests, dut this printability must be deternined
agscording to methods in which the imk i%self acts on the paper %0 de
investigated." Mere, as in so many other instances, it is prébably
best to take a piddle course snd thue reach the oonclusion that,
although 01l nenetration dats may not actually be representative of

the $rus printadility of the shee$, they are nevertheless of value in



1=

predioting the iak penetrability of & sheet and are certaialy of
utmost fmportance from the standpeint of fundamental researsh iato
the printabdbilisy prodlem.

IS has been shown by Washburn (13) that She dlstance L
vhich an oil of viseosity / sand surface tension ¥ will enter into a
fine capillary tube of radius B in the tims § s given Yy the
relationship!?

82 (2222) /1 B oo 4).

Trom this ﬁmtion it is seen that, apart from considerations of
cos A (A s the condact angle), for any one sample of paper, the rate
of penetration is proportional to the quotient F/i er surfase
tcnsioﬁ/viseoniw. Because most oils Aiffer only slightly in their
surface tsnsion, viscosity should be $he predominating fastor in ofl
absorption. This has been shown by larcoque (17) eetually to be the

cane.

Larcoque bas made weasurements of the "oil-wettability" of
various papers. Differences in the wettabdility of wvarious papers are
due to differenses in the contact angle (A) which the oil makes with
the material of ths capillary valls. Buch differences im wetiability
will nos affect the alr resistance of paper, dut only the rate of
oil penetration. Oonsequently, if $wo sheets are found to have the
sane air resistance Bt are differeat in oil resistance, as determined
by rate of penetration, the sheet having the smaller aprarent oil
resistance vill have the greater vettadilisy. Larooqus uses an "air-

resistance/cil-resistance” ratio to express the relative wettabdility



of a paper.

A mugh mors fundamental method is used by Yoote (20), whe
neasured $he angle of contast formed between liguid surfeces ard &
fider.

The spreading drop method (21) has also deen used to measure

the oilewettabilisy of a paper surfacs.

It has been shown (19) Shat, wish rise ia temperaturs, the
change in oil=absorption time is direetly proportional $o the
viscosisy of the oil. Henee the folloving relationship can be sed upt

b, = (81978

vhere § is the observed absorption time and 7 is the viscosity of the
oil at the expsrimental temperature Ii %, is the corresponding abdsorp-
tion $ixme and /, 4s the viscosity of the oil at the standard temperature
g.. The importance of son$rolling and knmowing the femperature of the
saxple during the absorpiion process is appreciated vhen 1% is noted
that, for castor oil, She viscosity changea by appreximately nine per

oent per degres C. change in temperature.

Lavoeque (1]7) has observed that the addition of two per eent
of rosin size had litile effect on the alr resistance of the shest,
indicating that the structure of the sheet wvas not appreciadly changed.
However, this amouns of rosin sise increased the wetiability %o eil
By about 25 per cenS.

Shaw and Simmons (5) tested U5 experimental book papers for
smoothness, oil penetradbility, and air permeability. The papers
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containing fillers vere penetrated hy oil more rapidly than those
without fillers. Fillers seem %o inorease the available absorptive
surface of the absorptive constituents of paper. The rir permeadility
was greater for the papers containing fillers than for those without
fillers., 3By inclusion of fillers the tendency of the fiders to cement
together is lessened. The mumber of interanal alr spaces and, conse-

quently, the air permesbility of the paper are therefore increased.

According to Larocque (17) the relative humidity of the
aSmosphers has a marked effect upcn the oll resistance of paper. The
sheet tends to open up and lose its structure as the relative humidity
15 {noreased, giving a consequent inorease in its ink and oll-reoceptive
properties. The effect is for the most pary permanent, and is notd
restored by returning the paper to surroundings at a lov relative
hamidity. Samples should therefore all be tested at the same relative
hunidity, and at no time previous to testing should they be subdjected,
even momentarily, to an atmosphere having & reletive humidity ir excess
of that at which they are $o0 be tested. Thia is not in agreemens with
the results of Carson (7). who found that the effeat of relative

husidity is in general umpredictable (see page 27).

The differeny methods whioch have been developed and applied
to the measurement of the psnetrability of paper for non-swelling
liquids are so numerous that it is poseible to mention only the more

important ones hers.

The time honored method of determining oil penetradilidy of

2 shest of naper iw $0 lay a small square of the paper on the surface
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of the oll and measurs the time for the oil %o come through and give

a unifora gray sppearance $0 $he sample. In a variation of this methed,
a drop of ofl is allowed to fall wponr $he top surface of the shee$ and
the effect of penetration observed from the bottom side. The time
required for the oil %0 penetrate the shest and give a spot of

uniforsly gray appearance is cbmerved.

Laroaque (13, 17) has developed an oil absorption test by
neans of whish "a Shin and reproducible film of any suisable oil is
placed on the surfase of the sheet of paper that is to be tested. The
oll film is then examined by reflected light and she tims required
for ite complete disappearance inte the sheet is considered to be a
neasure of the ‘absorptiveness' or ‘absorptivity’ of the paper sur-

face."

Many properties of paper are kmown te vary from point %o
point through a sheet. Bince printing it primarily a surfage process,
1% seexs likely that a test of surface oil absorptiveness would show
better correlation with printabilisy than would a test for average
absordancy through she whole sheet. This is just what the Larocque
surface oil absorption Sest was designed $o acoomplish. The fash
thad this $est actually falls %o do this has been conclusively shown

in a more reoent investigation (22).

The Cobd sining tess (23) is based upon the principle of
applying a test liquid such as water or oil, at room temperature, %o
the surface of the sheet wvithin a confined area, for definite intervals

of time, and subsequently determining the astual quantity of the liquid
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absorbed shrough this surface by direot weighing.

Ant-Waorinen and Basiman (18) have made use of the Bausch
and Lomb opacimeter to determine the "oil absorption ratio” of a
sheet of paper. This oil absoryption ratio ra;:rouﬁtu ths decrease
in opacity of the paper due to the effect of the oil employed.

The Penesdope and i{8%s modifiecations have been applied By
several workers (2%, 25, 26) to the study of she problem of oil
penetrability. It is a very simple devics for holding samples of
paper 80 that they may be obuerved and tested for permeability to
vater, moisture, oils, sts. Alberé (25) used the Westinghouse type
of peneotrometer, and has nlsc compared (26) the Williams penetromster
and the Vestinghouse oup, whish differ moinly in the size of the
orifice.

Bekk (27) has devised an epparatus for measuring the rate
of nenetration of liquids, fats, etc., Shrough paper under controlled
oonditions of pressure. The apparatus climinates the possidility of
evaporation of the psnetrating medium on the surface of the paper on
whioh 1t emerges. This i: stated to give a trusr measuremeat of the
rate of penetration than with existing methods, especially in dealing
with impermeadle pepers. No definite relation betveen rate of pene-
tration and the pressure driving the peneirating medium could be

shown, using water and paraffin oil.

The first of the photoslectric instrumenis used for the

nessureament of oil penesration was the Hews Penetration Tester
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deseribed by Nammend (28). The operstion of she instrument is based
upon the change in reflegiance of the surface of the sheet as the
medium penetrates from the under side. A crisical survey of this
instrument has been given by The Institute of Paper Chemietry ().
Their experimental obssrvations and the theory of the News Penetration
Tester show that ths instrumental readings are definitely dependent

on the color and opacity of the paper. This faat constitutes & funda~

msental and serious odjection to the use of shis instrument.

The Institute of Paper Chemistry has developed a photo-
sleotric instrument (1) for measuring the sotal diffuse light trane~
mission of papers. The arrangement 1s such thatan oil or grease film
may be applied %0 the paper, and Yransmission may be measured as s
function of time after application of the film. Rates of oil penetre-
tion may be somputed, and illustrative figures are given. The deaign
of the instrusent is based on the finding Shat the exponential law of
light absorpticn obtains vhen the paper is illuminated by light passing
through a vhite, diffusing opal glass in immediate contaet with the
paper. Tests which Justify the application of this law are given, and
& formula for computing oil penetration speed is dsrived.

Iz a continuation of this work (2), an improvement vas made
in the method of caloulating rates and distances penetrated from data
obtained wvith The Institute of Paper Chemist:y photeelectiria penetra-

tion meter.

Vincent (3), using a modification of the instrument developed
at The Institute of Paper Chemistry, has made photoslectiric determina-
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tions of the permeabdility of paper %o fluids by observing the inereas-
ing 1ight transmistance acoompanying the displasement of air from the

pores. TransmiStance is plotted versus Ktim)(mrfuo tona_lon)/ (viscosity).
The slope of this curve is called the "penetration slope." It is thme
possible $o express the rate of penstration as a single numerical index
characteristic of ths permesdility of the paper. ZThis Ypenetratien

slope” is independent of the thickness and color of the sample, as well

as the viseosity and surface Sension of the penstrating fluid. Ths

method is especially suited to bonds, Sissues, and highly absorbent

papers. Color correction (the nhotoeleatris cell is nod equally respen~
sive $0 all wavelengths of light) is acoomplished by preparing a color
filter from part of she paper $0 be Sested.

P P bild P P ALY

Larocqwe (1]) ooneludes that "shere is good reason %o believe
that both oil and air penetrate Shrough paper along identioal capillary
passages, subjest §o twe minor cenditions. (a) The oil must be non-
polarized, as othervise 1% wmight tend 80 decome oriented or absorded
on the surface of she finer capillaries and give an inordinately high
resistanse %o flov. (})) The sheet must be regarded as consisting
partly of capillary passages, partly of voids that are closed off from
;lu remainder of the system, and pardly of air pookess vhich are
reCesses open at onre snd only. The capillary passages are equally
ascessible to alxr and to oil, the voids equally inaccessidle to doth,
and the air pockets will be without effect upon the flow of alr, dud
will allow the entry of oil to some extent with a resuldiag compression
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of the entrapped air. The epinion generally held is that the capillary
passages make up the bulk of the interior of the sheet, so that on
$She vhole, both 0il and air follew identieal paths through the sheet."

Larcoque (1]) has attempted to relate the air porosisy of
paper as determined by the Gurley Demsometer te the oil pemstradilisy
as found by the well-kmown oil flotation Sest. Other Shings being
equal, it vas found that the oil yesistance of the paper is iaversely
proportional %0 the first pover of the radius of the capillaries
present in the sheed, vwhereas the resistance %o air is inversely pro-
portional S0 the second power. ZThe reason for this is that for oil
penetration, the driving forae arises from the affinity of the oil
for the paper, vhich involves the first power of the radius of the
capillaries. Jor air flov, on the other hand, the driving force is

supplied by an ocutside pressure.

If Both the oil and air were forced through the paper by an
externally applied pressure, and if ve could assume that dosh the
oil and the air bebaved as true fluids (which is very nesrly Sruwe),
then we vould axpech both to obey Polseuille's law, and shus there
would de a direect correlation between sush an oil penetration and alr

porosity.

Albert (26) found a limear relatien detween the Gurley air
resistance and the quotient obtained by dividing the seoonds for oil

penetration by $the paper thiclmess sguared.

Shaw and 3i{mmons (5) found that there sppears to be a definite
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relatioaship belveen -ir-pemnbiniy and oil=permeability data, $he
more opea shest having the more rapid oil penetration, bus too few
Neasurements vers made on the same type of paper $o warrant a mumeri-

eal correlation.

It has besn soncluded by others (10) that the resistance %o
penetration by various nensvelling liquids which show zerc contaoct
angle with paper may possidly de Judged by teste wvith a single liquis,
or perhaps by measurement of the alr porosidy of the papers. Experi-
mental evidence on this point is stil) not avallabdle.

Thers have been developed in the past a great mumber of
instrunents and methods of measuring She perosity or permeadilisy of
paper. Only the more important ones will be mentsioned hers.

Goldberg (29) has described the use of the Mariotte flask
' or constant pressure instrument and the inverted durettis or varying

pressure instrument for the measunrement of porosity.

The familiar Gurley Densometer is a simple instrument for
reasuring the time required for 100 oc. of air $o penstrate a glven
ares of the paper. The pressure driving the air through the sample

is not oonstant dut decreanses somevhas during the test.

The Lhomme and Argy porosimeter (J0) measures direcily the
tine required for 100 sec. of alr $o pase through 50 sq. am. of the
papsr sample under a constant pressurs betveen the two sides of the
shest corresponding %o a head of 10, 20, or 50 mm. of water.
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In the Nmanuell porceity tester (31) air is foroed through
the sample uader test and then through a short length of small eap-
11lary tubing. Manometers are used to measure the pregsure differ=
ential across the sample and aoross the standard ocepillary. The volume
rate of alr flov is caleulated from the prescure 4ifferenae across ibe

capillary of known dimensions.

Doughty. Sedorg, and Baird (32) havs built a porosity tester
from an old Mullen Sester. The principle of its operation is esven~
$ially the same as that of ths Emanusli instrument mentioned abdove.

Horzberg (33) bas desaribed an iastrument ia which the volume
of air sucked through a givea area of paper by an aspirator at 10 om.
water pressure differential in a given time was meagured by means of

an ordinary gas meter.

The apparatus developed by Carson (6) seems to be the porosity
instrument par excellense. The usual error dus to edge leakage vas
sliminated Dy using an annular cell surrounding the inner test cell.

A special pressure regulator was slso designed to maintain a very
steady pressure drop across the inetrumsnt. The air flov was neasured
Yy & capillary flov meter. Vith this instrument Carson (1) has alse
determined the effect of varying experizmental conditions~-such as
pressure difference, time exposed to the air stream, area of tesd
spsaimen, temperatura, relstive humiditvy, shickness of sheet, and
absolute pressurs. The results show that, with few exaeeptions, the
flow of air is proportional to the pressure difference (for small

pressure differences); proportionsl $o the tixe of flow; proportional
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%0 the effestive area of the specimen; and inversely proportienal te
the shickness of She material. Vith the type of measuring instrumend
used, the permeadility values do not depend wpon the vissosity of %he
air. The effest of relative humiditsy {s unpredioctadle. The alr
perneadlility of paper was found $o increass somevhat vith decreasing
absolute pressure, an unexpected behavior which may be asseolated with

an eslastic expansion of the stirusturs.

Determination of the Xffective Fore Sise ip Paper

Most of the efforts Shat bave been made to determine the
sise of pores in paper have been concerned with the behavior of fluids
Tloving withia the structure of the sheet, and 14 is from this point
of viev that pore size has heen tacitly definmed by many workers. The
values arrived as, of course, $ell us little more than the average
eize, or range of sizes, in a aystem of simple pores which would behave,
towvard the flow of flulde, like she actual system of pores ia the
sheet. The sheet of paper does nod necessarily contain any struotural
sounterpart of ths capillary system evaluated.

The microscope is a valuable means of studying the pore
strusture of paper. It does nos, however, give the same type of infer-
mation ai do flovw measurements. It does nod readily reveal which
spaces are the pores or contimuous channels, or how the spaces a%

41 fferent levels are connected.

Fdwards (34) made air-permeability tests on leather and
found the average sffeotive pore size to be adous 0.5 30 1 micron.



28~

Heo ovaluated the fraciional pore area by means of water-vapor-permeabdility
data.

1% has been shown (13) thad, under certain conditions, the
radius of the bore in a glass eapillary is proporsional to the square
of the height to which a liquid shat wets 1% will rise in a given $ime.
Simmonds (35): after presenting dsta to show that certain papers behave
approximately in conformity wvith this relation when atrips are hung
wvith the lover end in water, applied Shie squation to evaluating the
sise of the pores. le reported values for the average effective radius
of pores in cartridgs paperboard as about 0.008 so 0.045 miecrom; ia
blotsing paper, about O.1 to 0.3 mieron; in sulfite pulp sheets, about

0.5 miaoron.

Foote (20) extended the experiments of Simwonds, using
forzamide, alechel, and benzene, in addition to water. His measure-
nents were made on mlfite bond, from a part of which the rosin sising
had deen sxtracted so that readings could de obdtained vith water and
formamide. His velues for the average sffective radius of the pores
ranged from 0.006 to 0.35 mieron, depending upon the liquid used in
the experiments on capillary rise. He pointed ous, however, that %
may not bde valid to assume that the consact angle is xsro in all oases,
and also that the equation used is probadly not valid vhen the paper

svells while the liquid is flowing through i$s structure.

Peek and McLean (12) measured the rate of rise of six
organi¢ liquids in strips of filter paper, and showed that the experi~
nental dats fitted sheir derived eguation. By evaluating the constants

of their squation they were able, on the assumption of 2 unifora
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distridution of sixses, %o caleoulate the range of pore sises. They
reported the values of 4 t0 40 miorons as the range of effsctive
ocapillsry radii of the Ifilter paper with wbhich they experimented.

Larooque (19) used a method Based on capillary pressure.
The value reported for the average sffective pore radius in a super-
calendered book paper was about 5 microns; ia a dond paper, about

10 siecrens.

Carson (8) has outlined a new method, vhich takes advantage
of the fast that the coefficient of slip of air in viscous flow through
s paper i¢ a funstion of pressure. JFrom the Neyer equation, the
average effective pore radius is evaluated in terms of the air per-
meability values at twvo pressures. It is only necessary to determins
$he alr permeadilisy at two different pressures of an identical area
of the paper. The alr permeability instrument prsviously developed
by Carson (§) {s used. Values given for the average effective pore
radius range from 0.2 mioron for doudle-coated book paper to 1.2

mierons for bond paper.

Friess (36) has determined the pors size of porous media
by filtering an isodisperse merosol of titanium dtoxide through the

porous material.

Lochmenn (9) has used the gas flow method of Adsumi %o
determine the averags pors redius and number of pores per unit area of
a pad of porous materisl. This method involves the reasurement of

the volume rate of flov of gas under unit pressure difference for a
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muzber of aversge gas Pressures.

I$ would be amiss $0 leave She subject of porosity dster~
minadion without mensioning the great amount of work wvhiah has besa
done along parallel 1ines in she field of ceramics. Some of the
worksrs in shis field vho might be mentioned are MacGes (3]). Stull
and Johnsen (38), and VWashbura and Bunting (39).



OBJRCRIVES

The general objectives and plan of atsack for this work
have besn mentioned in the introdustion. The immediate and specifie
objestives will now de set forth. They arst

1., To study the zir permeability of paper. Carson's instrue
ment seems $0 be an excellent one for air permeabdilisy measurexents.
IS has the advantage over others in the same field of being adaptadle

to measurements of pore sise.

2. To study she oil permeadility of paper under pressures
comparable Yo ordinary printing pressures. 3ince no vork has been
done previously in the fisld of oil permeadilitsy of paper, it is
necessary to design an instrument to fuifill shis purpose. Ideslly,
1t is desiradle to be able %0 vayy the pressurs driving the oil Shrough
the paper independently of the toial pressurs compressing the sheet.
Castor oil, or some similar o0il, which elosely approximates the vehicle
used in printing inks will be used. A4All types of printing papers will
be used (coated sheets, however, must be excluded). It noenms desirable
to use handshests for the astual $est specimens in order $o obtatn
samples of as high a degree of uniformity as poteible and in order te

know securatsly the past history of the specimens.

The further and mors general objectives are aimed at the
daternination of the mechanism of the flow of printing isk Snto paper

during she printing process. They aret



~32-

1. BS5tudy the flov of oil through peper under pressures
comparabls $o ordinary printing pressures.

2. Secure proof of the validity or falsity of the suspested
ocorrslation between alr and oil permeabllity of vaper. A satisfao~
$ory settlement of this question would be a definite gain in the
goaeral study of vrintability.

3. ZThe variables in sheet charaecteristiocs whose effeots on
air and oil permeability might be studied ars! type of pulp, degres
of beating, type and degres of sizing, $ype and amcunt of filler, ste.



EXPERINENPAL WORK

Des 2 4 041 P isy In ]

The preliminary oil permeabdilisy experiments of an explora-
tory nature revealed that papers such as newspring, mimeo, dend, ete.,
had permesdilities of such magnistude thas, using oastor oil and a
sample area about three inches in diameter, the amount of oil passing
Shrough in a nminute was quite large--f.e., about 1 co., sven for driv-
ing pressures as low 4u 10 %0 15 1bs. per sq. in. Accordingly, am
instrument was designed and constructed wvhich was capable of neasuring
permeabilisies 4in this rangs. Mgure 1 is a sectional view of the oil
permeadilisy instrumens, and Figurs 2 is a photograph of this instru~
ment and also the air permeadilitsy instrument.

The specimen for oil permeabdility Sest is sandwiched bstveen
Svo pleces of 3/Ue-inch Woller plate vhish ars held Sogether by four
1/2-inch studs located at the cormers of a square conceniric with the
eiroular test ares. The lewer plate is nerforated by a rectangular
array of 0.076~inch holes vith 1/4-inch spacing between centers. A
200-nesh soreen lies on the surfece of this plate and ssrves to suppert
the sample. Two Saper pins are losated as shown, their purpose deing
to hold the 200~mesh screen and the sazmle in plase. These %wo Saper
pins have a further and more important objective: They are located in
sxastly the same spatial arrangement as regards the test area as are
Swo similar Saper pins in the air permeability instrument. The upper
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balf of She instrument has Swe conoentric oiroular rims near ite

outer edge which ride directly on the sample. These rims are 1/16 in.
wide and extend 1/16 in. belov the lower surface of she plate. The
inner diameter of the inner rim is 3 in. and the cuter dlameter of

the outer rim is &-1/2 in. These dimensions were chosen so as $o be
shle to ascommodate Rritish handsheets after Shey had bean out square
for calendering. The area of sample sudjected $0 test is therefore

3 in. in diameter, and 1% is surrounded by s “guard ring” area having
a widsh of 5/8 {a. Your holes have besn drilled ia the top plabe.

The one located direcily adeve the center of the test area has Saper-
ing or ressssed shoulders as shown. Inso this hole thers 1s fitted a
glass capillary (approximately 1.5 mm. inside diameter) whose lover end
is flanged 80 as $0 bear against the tapered shoulders of the hole in
she Sop plate. A good fi% was sesured by grinding the glass capillary
into place with carbderundum powder. BShellas was used to seal the
capillary $o the plate. The capillary hae four smell mlbs blowva in
1%. ZThe upper one serves as s reservoir for the oil. The volumes
indissted have the approximate values: No. 1 2 0.05 co., No. 2 = 0.25
ec., No. 3 = 1.0 06, Fo. 4 = 4.0 eo. 01l 1s admitted from the oil
supply %0 Both the guard ring and she test areas by the two opeaings
shown near $he right edge im Figure 1. These connestions ars all made
By means of 1/8~in. standard etesl pipe and fistings. The two valves
shown are Jenkins 1/8-in. brass globe valves. The pressure gage is a
0 %0 100~10. "Sess gage" having & 3~in. face. The 04l mapply s con-
tained in a 2-in. pipe cap and short aipple, the pipe cep deing drilled
and tapped %o fit 1/8-in. pipe. The hole shown in the left side of the
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sectional view of the Vop plate aceosmodates 1/é~in. pipe which, in
turn, is conneoted to the nitrogen aylinder. In the line from the
aitrogen cylinder there i3z firsé the ususl diaphragn gage for controlling
She pressure; next, a safaty valve set for 170 1bs. per sq. in.i and,
finally, a sa:ell valve opeaing %0 the atmosphers %0 serve as s dlesder.
fhe line froa the nitrogen cylinder is conneeted to She apparatus
Shrough 3/16=1n. copper tuding (a large eoil provides flexidility) snd
Brass compresaion fitiings. The connestion to the wupper end of the
£lass sapillary is made with brass compression fittings using a com-
pression ring ‘out from neoprens. A thermometer well (not showa in the
sectional view) is 80 loeated in the Sep plate thas a ~5° ¢o 500 @,
Shermometer graduated in Senths of a degree may exsend some 3 or &
inches laterally into the nlata.

Briefly, the theory of ths eperation of the instrumens is
thas, by applying the same pressure to the ofl in the guard ring as
is applied %o she oil in ths test area, there will be a0 pressure
differential tending to drive the o1l laterally intc the shest detween
the test area and guard ring area. In this vay edge effecis are elin-
inated and lateral flow of oi)l avoided.

Test for L 0L} Pe 1ivy Ins

To test the 01l permeadility instrument for lesks it was
set up with a plece of heavy sheet rubber clamped bLetween the twe
halves of $he instrument. Pressure was applied %o the extent of 50 %o
100 1b. per sq. in. while the 0il levsl stood in the capillary as a
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point detveen the oil reservoir and the next lower ulb. The absence
of leaks of any sort was proved by she faet that 1% was L{mpossidle %o
deteot any motion of She maniscus of the oil 4a the capillary. This
test was repeated at fregquent indervsls shroughout the work %o de sure
Shat the instrument wvas free of leaks.

) " Determination the 041 1144y Inst

¥ish no sample in place and for a volume rats of flow of
esastor oil of approximately 0.09 ce. ver sse., the pressurs drop across
the 200~mesh sereen was found Vo Be less than 0.1 1b. per sq. in. Since
this rate of flov is oconsideradly greater than any snoountered in
actual measurements, and since the nressure gage is not acourate %o
botter than 0.1 1b. per sq. in., the "blank® eorrection vas taken as

%eT0.

Calibration of gh

The pressure gage used on the eil permeability instrunens
was calibrated at frequent intervels oa a dead welight tester and the
eorrections applied to all gage readings. 8Since the gage can be read
%o the nearest 0.1 1b. per sq. in., $his procedure sasures a correspond-

ing acourasy.

Yissosity Deterntnations

In meking permeadility measurements 1% is necessary $o know
the viscosity of the oil in question over a consideradle tempersture

range=-e.g., 19 %0 23° O.~~to cover the normal temperaturs variatioas
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of the humidity roon. The first oil permeablility measurements were
zade with a castor oil whose viscosity was determined by means of an
Ostwald viscometer. The standard of comparison was a castor oil vhose
vizoosity was very accurately known. The viscosities of two ssparate
datches wvere deterxined. Their viscosisy variation with Semperature
§s shown in Fgurs 3. Subsequent oil permeability measurementis wvere
made vith a heavy mineral oil (Valvoline SAE 50). Its viscosity was
deternined with the Hoeppler viscometsr, and the curve is slso shown
in Fgure 3. It is necessary %o knov the density of $he oil in question
for the viscosity determination. Densities were detormined with a
Vestohal balance. The density of the castor oil was 0.961 g. per oe.
at 22° C., and that of the Valvoline SAR 50 was 0.884 g. per so. ab
2° o.

Calibration Progedurs for $he 0il Permeability Instrumeny

I$ is necessary that the volumes of the capillary bulbs of
the 0il permeabllity instrument de determined for different rates of
offlux of the oil. The following technique vas employed. Vith a
shees of rubber gasket material on top of the 200-mesh soreen, the
%two halves of the instrument wers dolted together. The valvs in the
1ine l_uu.ng from the ol supply %o the test area was opened. O04)
was allowed to flovw from She oil supply until 4% hei filled the Shree
lover bulbs im the eapillary end half-filled the ressrvoir btuld. The
valve in the oil supply line was shen closed. The two halves of the
instrunent wers then unbolted; the top half vas rescved, and set om
two short pleces of 2 x 4 which served as supports. The lower side
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of the %op plate was then carefully and quiekly wiped fres of all oil,
paying particular attention o the Bottem end or mouth of the sapillary.
Weighed cloths vhiech had previocusly been allowed S0 come $0 moisture
equilidrium with the atmosphere of the humidity room (all calidration
and Sesting work was carried out in the sonstant humidity room at

T0° 7. and 658 relative humidity) wers used to sstch the oil as 1%
flowed ous of the capillary. The 4ime of efflux vas measured with a
stop watch. Various rates of efflux wers obtained by applying a slight
prespure from the nisrogen cyliander. ZThe volume of efflux wvas eal-
culated from the increase in weight of the cloths and & knovledge of
She density of the oil. In all cases a blank determination was made
by carrying s weighed cloth through the entire procedure dut vithous
ruaning any oil iato i%. The increase or desreass in weight of this
cloth blank thus served as a corrsotion to be applied $0 allov for
small veriations iu veight of the cloths during \he deternination. I
all cases this correction was small~-i.s., of the order of a few
xilligrans on cloth samples veighing from 5 %o 10 g. By taking great
care %o wipe the moush of the capillery in the saws way at all times,
reasonably good presision was odtained in the calibrations. It may be
seen from the calibration curves in Pigures 4 and 5 that moat of the
points deviate from the smooth curve by 2o more than one per cent of
the aversge volume. These oalibration data are all for that buld of
the capillary marked "Volume No. 3" in Figure 1. It was later found

. that the other $hres bduldbs added nothing to the ascuraoy or range of
the instrument; consequently, they wvere not used for test work and

their ealidration data have not been shown.
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A photograph of the alr permzeability instrument is showa in
Yigure 2, and a schematic drawving appears in Figure 6. This instre
ment is modeled rather elosely after that of Carson. Although Carson
(6 1. & has given a very complete description of the instrument, ite
calibraticn and use, i is nevertheless deemed necessary from the stand~
point of completeness $o give a drief deseription of the instrunent as
construated for the present work. Referring so Figure 6, the speoimen
(S) 1s clamped betveen two elements, each of §h1¢h is composed of a
central cavity or cell (C) and an annular sell (D) separated Wy a
eireoular vall terminating in a narrov edge (E), about 1/32 in. wide
at the line of contact with the specimen. A rudber ring (G) makes a
seal Detween the anmular cell (DD) and the atmosphere. Cenditioned
air at asmospheric pressure is accessible S0 the top side of the
specixen in doth the eemtral and annular cells. By means of a mechani-
eal vaowum pump (P), sair is drawa simultanecusly frem C and DD, the
relative flov being adjusted by valves ¥V and 2 (for coarse and fine
ad justmente) until the two meniset of manometer N are at the seme
level. Sinoe the horisontal pressure difference across the boundary
betveen the two cells is zero at any level, thers can bde no edge
leakage inte or out of cell C. Omnly the air which comes through Shat
part of the specimen supported above the cell C is admisted to the
measuring device, air reashing ID from she uppsr surface or through
leakage at the edges boin"bwpnud around the metsr. The pressure
drop through the specimen is measured with the manomater L.
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This instrunent 1s a eomparison type of flov meter. As
shown in FMgure 6 the calidrated flow meter consists of the manomeyer
N and 4 ecapillary tubes of different diameters, of which only 2
(A and B) are shown. The ends of these capillaries are sealed by
small tab valves (V), of which only one {s shown in the figure. 3By
releasing the propsr tad valve, any desired capillary mey carry the
air flow. If the rate of dissharge through the capillary tube s
known from calidration for all values of the pressure head (H), the
value of H in any given test immediately shows the rate at which alr
is passing shrough she npco;un undesr the pressure difference correspond-
ing %0 H. One end of each capillary $ube and one 1iab of each manometer
are connected direstly into the bottom of the permeadility cell. The
other end of each eapillary tube is connacted into a metal header (F),
leading $o the pressure regulators (R, snd R,) end thence to the air
pump (P). A trap (T) is placed betvesn the manometer (M) and this
header to prevent the manometer liquid from inadverteatly overflowing
into the dlock and entering the cspillary tubes.

The speeimen area defined by the cell C 1is U5.60 nq. om.
(diameter = 3.000 in.). In order that apprecisdle sagging or streseh~
ing of paper over this large area may be prevenied, the specimen is
supported by a l-ineh ring (not illustrated) having & very thin con-
$acs edge. As 2 further preventive measure to sliminate siretching
of the specimen, the pressure differsntial (h) across the sample is

always kept below 12 om. of kerosens.

The upper slement of the instrument is caused to register
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with the lowsr By means of $wo %aper pins which exteand through the
outer rims of the top and bBotton elemsnts. These two taper pine have
exactly the same spatial arrangement as regards the test area as do
She Saper pins of the o1l permeabdbility instrument. The two elements
of the air permeability instruzent can be clamped together with any
pressure desired by means of a bar which fits om top of the upper
slexent of the cell. This dar is fastensd at both ends $0 studs which
project upwvard from the wooden dase in which the lower element is
mounted. All connestions into the lower element of the cell ars mads
by means of 1/8~in. standard pipe nipples. The various capillaries
and glass tubes are joined to the pipe nipples by means of rubber
subing. The header into whiech all four capillaries are conneeted was
constructed of 1/8-in. standard pipe tees and nipples.

The manometer N requires no scale other than a horiszontal
reference mark. Manometers L and M were mounted in front of and clasped
to meter sticks. That ths meter sticks were sufficiently ascurate
for readings to 0.0l cm. was proved by checking them with an ascurate
stesl rale. The meter sticks wers mounted ascurately perpeadioular
%0 the base of the instrument, whish had bdeen previously leveled. the
meter stioks and manometers vere clamped together at top and bottom by
neans of small clips made out of sheet aluminum. Manometer readings
were asgomplished with the ald of small alumimum verniers mounted so
as to slide up and down on the meter sticks. Xerosene was chosen for
the nmanometer 1iquid decanse water is likely to give false readinge

unless the manometer subes are kept sorupulously clean. 7The density
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of the lmrosens was found %o be 0.811 g. per ec. at 22° C. (Vestphel
balange). The faat that evaporation of kerosens from the manometers
vas negligidle vas estadblished by the fast shas, over a long period

of tine (3 weaks) during vhich the instrument was in constant use, the
goro reading of the manometers 414 not vary enough to be detectable—
1.0., loas than 0.01 en. All manometer readings were made by reading
the meniscus of the upper leg and then the menisous of the lower leg.
When these two readings vere subtraeted and she sero correction applied,

the true pressure difference in om. of kerosene was obtained.

To %est the apparatus for leakage, a heavy sheet of rubber
is used {a place of the specimen. A parsial vacuum is oreated in the
apparatus and the stopcock X u closed. If there is a leak anyvhere
(except in the tad-valves) that vould affect the alr permeadility
results, 1% will be indicated by a drop in the head h of manometer L.
As 2 test for leakage in the tab~valvss cell, C is left epea ‘ut the
Sop, all the capillaries are closed off with their Sad-valves, 2
partial vasuoum is oreated. and stopsock X is closed. Leakage will de
indicated by & drop ia head H of manometer M. The testis for leakage
were applied at frequent intervals during the use of the instrument.

Capillary $ubes of the required length and eapacity were
ssleched with the help of data pudlished by Benton (40) so that the
discharge rates a$ a vressure differense of 25 g. per sq. om. would
be well bhelow the critical velocity, since the calibration is very
uncertain in the neighborhood of the critical veloeity. The capillarias

have been referred to in the calidration work as C=l, C=2, C-3, and C=k,
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O=1 has a diameter of 0.%1 mm., G=2 of 0.64 mm., and O=3 of 1.21 um,
O-4 consists of a BaStery of four capillaries abous 1.38 mm. in

diameter and 15 in. long mounted in parallel. C=l, O=2, and O=3 are
sach abous 35 in. long, and were bdent in a U-~ghape to conserve space

in the {nstrument.

The two pressure regulators (Rz and R,) vere construsted
sisilar to those used by Carson. A seotion from an 014 heavy-duly
automobile inner Sube was found %0 Me satisfaclory for the diaphraga

of the preasure regulators.

After experionce in the use of the instrument it was found
$hat dut one of the twe pressurs regulators (R, and R;) is necessary,
provided that the vacuum pump (P) oreates s sufficiently geod vacuum
S0 give that one regulator a large pressure differential on vhich te
opsrate. Incidentally, i% was alec found $hat the stopcock 2 {s
superflusus.

Calibration of the Alr Permeability InsSrument

All calidration work was carried out in the humidity room
ad 70° ¥. and 65% relative humidity. Since Carson 414 most of his
oalidration with a wvet gas meSer, the author set oul along the same
path. But, of twvo meters availadle neither was found %o be satisfao~
tory for this purpose. Aecordingly, the grs meters wvere discarded
and a more direct method of calibration was devised.

Oalidration of Capillary C=3t Alr was sucked through the
capillary, vhich was conneated %0 the air space in a partially water-
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f1lled bdottls of 20-liter capeeily, dy syphoning water out of the
bottle. The Bottle, fitted with a four-hole rubber sSopper, was
Placed on a shelf sufficiently high %o give the syphon the desired
head. A Shermometer was placed in one of the holes. A second hole
was conneoted $0 manometer L of she aly permeadilisy instrument which
would normally indicate the pressure drop asross the paper sample.

This manoweter, therefore, gave in this case the pressure difference
betwveen the atmoephere and the air space in the bosile. A tmﬁ hele
in the stepper wes connected to the pressure regulator R, at the outlet
normally connested to the vacuum pump. The fourth hole in the stopper
uﬁiu s glass tube which extended nearly to the bottom of the aspirator
'bottle and formed one leg of the syphon. The other end of this glass
tube was connected %0 rubber $ubing which extended to 2 point some
four or five feed belov the level of the water in the bobtle. This
outlet end of the syphon wae kept closed vhen no$ in use and the flow

regulated when in use by a eompressor clamp.

The salidbration of the capillary was carried ocut im the
following manner:! The tad valve for C-3 and stopcock X were opsned.
The syvhon clamp was sdjusted so that water ran out at smch 2 rate as
to give the desired pressure drop eorces the cepillary. By nmanually
lovering the outlet end of the syphon as the water level im the botile
went down, it was possible o mainain a nearly constan$ pressure in
the aspirator boStle. By manual manipulation of the pressure regula-
tors it wvas poasidle to maintain a nearly constant pressure drop acress
the capillary. The run was begun, after equilibrium oconditions had
been reached, by thrusting a previously Sared ducket under the syphon
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outlet and at She same time starsing the stop wateh. The pressure in
the bottle and the differential asross the capillary vere maintained
constant as nearly as possidle during the run. After the lapse of a
saisable length of time the tared duckst vas quickly vithdrawn from
beneath the syphon outles, and simultaneously $he stop wateh was stopped.
Then, and only then, the syphon was skut off with $the compressor elamp.
The time of flow, the weight and {smperature of the water, the pressure
differential across the oapillary, the pressure aad the texperature of
the air ia the aspirador bottle, and the room temperature were all
recorded. From the temperature and veighy of the water, the volume
(under conditions of Semperature and pressure prevailing im the aspirator
bottle) of air drawn indo the aspirator dottle from the atmosphere of
the room ean be ealoulated. Temperature and pressure corrections must
be applied to give the trus volume under condisions on the entrance side
of the capillary. The capillary comstent is O =¢//(Q§_s). in vhich &

is the volume rate of flow under conditions prevailing on the entrance
side of the caplillary in ce. ver ses. /o 40 the density of she kerosene
in the manometer (0.811 g. per ec.), H the manometer reading in om. and

S the area of the test cell (45.60 sq. on.).

A pressure of one atmosphere is equivalent $o approximately
1275 em. kerossne. The plot of the data for C=3 is shown in Figure 7
and is varked "C-3(H,0)".

Fregquent checks of this setup for leaks vere made as follows!
The tab valves were all closed. The stopeock X was opened, and stop-

socks ¥ and Z were closed. Vater was syphoned out of the botile until
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a vacuum of some 25 em. of kercsene was oreated. Siepcosk X was them
oclosed. Manometer ¥ shoved the pressure in the capillaries and the

oapillary headsr, and manomster L gave the pressure on the other side
of stopoosk X--i.e., in the pressure regulators and in the aspirator
Bottle. Any variation of these manometer readings during a period of
several mimates indicated a leak. The pMmo regulators vere rem~
;orod air $1ght by generous application of castor oil. lLeaks seldom
oocurred and were always traceadls %0 the $ab valves, vhich required

frequent replacing -~ a simple jod.

After eonsideration 1% was decided thet the ascuraay of all
the ealibration data colleoted up t0 this poiat was open %o donbc to
She extent of about ome per oenk, due $o the fact that no volume core
restion had bdesn made for the change in saturation of She air as 1%
pessed from the atmosphers of $he humidity room (65% R. H.) %o the
atmosphere of the aspirator botsle, which was mearly saturated. In
order to accurately make sush a saturation eorreotion it weuld de
necessary $o have some sort of dew point apparatus in the aspirator
Yottle. It was deoided that i$ would be simpler to eliminate the
nessssity for a eorrestion by replasing the water in the aspirator
Yottle vith seme 1liquid of low vapor pressure, sush as an oil. A
orankosse flushing oil was secured for this purpose. ZThe faet that
the 01l had & vapor pressure that was negligible ocompared %o shat of

‘ntor was demonstrated ¥y the observatioa that a 100-cc. beaker par-
$lally fi1led wish the oil lost weight to the extem$ of enly 0.008 g.
in 11 hours, compared with a oorresponding loss of 1.5Th g. for vater.
The density of the oil at 21° C. was 0.9085 g. per oce. Using this oil,
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sapillary C=3 was roulibrafo& by the toehnlqﬁ previously desoribed.
The data have been plotted in Figure 7 in the curve marked "C-3*. I%
can be seen Shat the ourves obtained with water end with oil in the
aspirator Bottle are both straight linee parallel 3o each other Wat
separated by a dlstance equivalent o 10.5 parts in 1275. The explana~
tion of this phememenon is as follows! Assume that, vhen water was
used in the aspirator bottle, $he indrawn alr changed from 65% R. H.

in the room o 100% R. H. in the bottle. The vapor pressurs of valer
1s 1.865 os. Hg at 21° C. The corresponding pressure in centimeters
of kerosene is obsained by muliiplying Shis value by the ratie of the
density of mercury to the densisy of keresens (13.6/0.611) and is 31.3
on. of kerosens. The factor by vhich the volume of the air at 100% R. H.
would have %0 be muliiplied to obtain its volume at 65% R. RH. is

1275 -~ [1.00 = 0.68) 31.3] = 1275 - 10.9.
T 1971% jl 127%

In other words, the data obtained with water im the aspirator bottile

are all theoretically too high by 10.9 parts in 1275. Zhis theoretical
value for she saturation correation is in very olose agreement wish the
actual experimental difference as noted above of 10.5 parés in 1275.

AS this point it is necessary $o refer again to the work of
Carson. In the oalidration of his {netrument Carscn made use of the
aspirator bottle principle for his smalles$ capillary, and employed a
ve$ gas meter for the other three onpillaries. Carson (§) mentions the
gcorrections which mast be made for changes in temperature and pressure.
The fact that he does not mention the correstion for change in volume

dus 80 change in degres of saturation of the gas an 1% passes through
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the ves gas meter or into his aspirator detile device in vhich the
14quid was wvater leads inesoapadbly to She conclusion that such a
oorrection was mot takenm into account. That such a sorrection cane
not safely be ignored has been shown above and is further emphasiszed
by the faot that, in a private communication with $he author, Carson
himself admits the necessity of meking such a correstion.

Calibrasion of Capillary Ot This battery of four cap-
11laries in parallel was calibrated by the following technique: Since
1 was found %o be impossible %o obtain 2 suffiocient head Vo cause the
desired high rate of flow of the 0il it was necessary to use the
vacuum pamp to ald the flow. The pump was connecied to a T-fube, one
arns of vhich was open to the atmosphere $hrough a rubber tube, and the
other arm connected %o a two-hole stopper in a 5 gallon $in cen. The
$in oan was mounted on the left pan of a torsion dalance. Through the
second hole in the stopper the can was oonnected By l-in. glass and |
Tubber tubing $o the outlet end of the syphon from the 20=1ifer dotils
containing the oil supply. To begin a run, an excess weight of abous
2 kg. was placed on $he right pan of the torsion balance. The vacuum
puNp wvas then started and the outlet to the atmosphere olosed to such
a degree as %0 give the desired rate of oil and air flow as measured
by mancmeter M. The fine adjustment of this pressure differential was
obtained by manual manipulation of the pressure regulators. At just
the moment that $he indieator of the torsion balance passed through
gero the stop watch was started. Them an sdditional weight of 8140
gram ves placed on the right pan. Throughout the run the pressure ia

the aspirator bottle was held nearly comstanty by manipulation of the
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compressor clamp ea the sustion line opea to the atmoephere. The
pressure differential across the battery of capillaries was maintained
constant by adjustment of the disphrags valves, wvhich, however,
required 1it4le change onos they were properly set. When the poimter
of the torsion dalansce again passed through zero the stop wateh was
stepped and the rua was over. The same variabdbles vere recorded and
the caleulation of the eapillary conetant (C) was made in the same
manner as for O=3. The plos of the data is shown ian Pigure 7 as
“Celih,

Calibration of Capillary C=2: After sonsiderable experi~
mentation she following method was found to de satisfactory. The
aspirator dottle was se$ up in such the same sanner as for the ealibra-
tion of capillary 0=3, exeept that 1% was connected direstly %o the
alr permeabdbiliiy instrument, thus by-passing the pressurs regulators.
The outlet end of the syphon Subs was equipped with a glass $ude drava
out %0 a tip so as to give apnroximately the right rate of oil flow out
of the aspirator bottle without use of the compresser clamp on the
1ine. The rate of flov was adjvsted $o nny desired valus by ralsing
or lowering the ountlet end of the syphon. Once the rate was adjusted
to give apnroxingul: the desired nressurs differential across the
capillary, the outlet end of the syphon vas fixed in position and nod
moved a bit during the remainder of the tess. The pressure differential
aeross the cezpillary drops slovly as the head preducing flow of the
oill gradually decreases. A determination is bdegun by thrusting a tared
pail beneath the outlet end of She syphon snd at the same time starting
the stop watch. Every two mimutes for a period of ene hour the room
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temperature, the temperature of the air within the bottle, and the

top and Bottom readings of the manometer are recorded. Ab the end of
the run the pail is withdrawvn from beneath the outlet of the syphon,
and simaltaneously the stop watch is stopped. It is not necessary o
record the pressure vithia the aspirator bdotile because, for such s
sxall capillary. the pressure differential across the capillary
corresponds almost exactly to the differential betwsen the atmosphere
of the room and that of the aspirater bottle. ZThe temperatures are
averaged %o give an average room temperature and an average bottle sem
perature. The top and bottom readings of the manometer ars averaged,
subsracted, and the zero correction apnlied to give the true average
pressurs differential across the capillary. The welight of the oil
divided by i{ts density at room temperature gives its volume. Tempera-
ture and pressure scorrections are made. A further corrsotion must be
applied dus %o the fast that there is some alr in the aspirator botiles
above the oil, and i$s volume changes during the run with changes in
temperature. Therefore, all runs were degun with the oil level at' s
certain point, whieh left approximately 1700 co. of air space above
the oil. This volume correction is therefore

1700 _(temperature in Botile at beginning = Semperature at end).
293

This correction is positive if the temperature in the bottle Arops

during the run, negative if it rises. The plot of the calibration

da%a is shown in Figure 7 as %C-2%,

Calidration of Capillary C-13 This capillary was oalibrated
by & method exactly similar to shat used for C-2. The plot of the data
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is shown in Figure T as "“0=-1%.

A small srror has been made throughout this ecalibdration
vork by assuming atmospheric pressure to be 760 mm. Hg = 1275 om.
kerosene. A detter figure for this locality would probadly have been
THO mm. Hg ® 1242 em. kerosene. The error caused by $his oversight
has been calenlated %0 be 0.6 part per 1000, which is not significant.

Chesk he Continuisy of Calibreti

As confirmation of the eontinmity of the calidratioa from
one eapillary to $She next, air permeadility tests vere made on samples
in the three transition intervals of the four capilleries, an idea-
tical area being tested in each case with each of two sucosssive cap~
illaries. 7This procedure of making overlepning Sests on an identical
area of a glven sample by means of oonucu'nn capillaries is & simple
and excellent means of periodiceally testing the capillaries for acoci~
dental fouliag that might change the calibration. It dlspenses with
the necessity for recalidration except when positive evidence of the
need is indicated. This test for conbinuity of orlidration was oarried
out at the degimning of the vork, near the middle, and at the snd of
the investigation. In all cases the two values thus determined for
eash sample azreed within 0.3 per cend.

Provision for Testing Exactly the Same ZJample Area in the Oi) and Alr
Permeadility Instiruments

As already stated, doth instruments were drilled and equipped

with two taper pine having exaotly the sams spatial relationship %o
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the Sest area, A psper punch was mads By &rilling a strip of steel

80 thas$ the two holes were exastly the same distanse apart as the tapery
pins 4a the twe ingtruments. ZXach of these heles was equipped vith a
shors plecs of drill shauk grownd so as $0 have sharp shoulders. 7o
peneh s paper sample, 1% is plased en a strip of fiderdoard, the punch
is put on Sop of the paper, anéd them the twe pleces of drill shank are
struck a sharp dlow with a hamsey. Zhs sample $hus punched can nov be
placed on the Saper pins of either instrument with complets eertainty
of always subjesting the saume area 30 test inm both instruments.

She Neuation for /s
Ascording %o the Darey equatton U/ » (4 85P)/(7k), where ¥

1s the volume in 06. of the liquid of viseosity , polses floving in
the time § sec. through ihl‘ area § sq. om. of the permeadle medium
having thickness L ez. and permeability 4o sq. om. &ue %o the pressure

differential P dynes/sq. om.
2. w'“ 8q. ON.

1 1b./eq.in. = 68,944 dynee/sq. com.
Ao s (Tn /S8R

= 4 o) 2poises x 1 x
Ao = % ¥ saliner {1n) o *
m_zg%&gu gtg.]:poimx!.osxur'?

A'Mo » /84278,

Thig 1s the equation used for She celenlation of the oil permeabdilidy,

Al ia sq. om.

sio

The capillary conntaﬁt s Q= 53/ /('ogg).
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& = Yy = gaus [12k2 - p/2)/1242]
The facter (1242 = 1/2)/1242 has been inserted $o correck the volume
rate of flov from conditions prevailing on the entranse side of the ’
eapillary S0 the algedrale mean pressure in the flow channel (pressure
at a point half vay through She sasple under Sest). For an explana~
tion of this procedure ses page T8 of Maskat (4l). The term h is tde
pressure differeniial scross the sample in em. of kerosene, 1242 s
atmospheric pressure in om. of kerosens, and the other terrs have deen
defined previously.
A0 (@) /()
L 3 sample thickness in om. ® ealiper (in.) x 2.%%
P = pressure in dynes/ag. em. ¥ 9800k

/‘2%3%195/@:%

Hx )o42 - x 0 x ealtper (im.) x 2.54 x
AnEEx AR MR x "

This is the equation used for the caloulation of the alr permeabiliyy,

/‘(AO in q. on.

IS is obvious that the equations for <, and /4 have identi-
¢ally the same form initially, heing simply a statemend of tshe Daray
equation. Howover, on dewe loping the two equations as shown above so
Shat experimental data might be {ncerted directly imto them, it is
sesm that the final forms differ consideradbly.

Applicability of uat

The Darcy equetion is applicable only wvhen conditions of
viscous flow odteirn within ths permesbls medium in question. According
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to Muskat (&l). & necessary and sufficient condition for the occurrence
of viscous flow is that« computed by the Darcy equation be constant

for several different rates of flow. In the oil permeability measure-
ments different rates of flow are secured by varying the pressure
driving the oill through the sheet. Since the caliper of the sample
varies directly with the pressure, measurements of oil permeability

at different pressures would be expected to exhibit a corresponding
variation. The date for«, in Tables V and XfII are in agreement with
this line of reasoning. The fact that the oil permeability values
decrease gradually in the same way as does caliper and the additional
fact that no sharp change in oil permeability occurred with increasing
driving pressure are taken as sufficlent reason for assuming laminar
flow of oil through the sample. Further data have been secured, as
shown in Table XIII, which prove that the air permeability is constant
for a wide range of values of h (the pressure differential across the
sample), and consequently the Darcy equation is applicable. Since
these data have been secured on samples having a very high vermeability,
it is safe to assume that conditions of viscous flow also obtain for
the less permeable samples. Carson (1) in his investigation of the
effect cf pressure difference on the rate of flow of air through a

wide variety of typee of paper found similar results.

Technique of Air and Oil Permeability Measurements

Yor a sample of unknown permeability it is first necessary
to make rouch air permeability measurements to establish the permea=

bility range. Then it is possible to decide whether the oil permeabllity
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neasurexsnis gan be made on a single sheet, or vhether it is necessary
to use a sample consisting of several sheets in series in order %o
secure a sufficient pressure firop in the oil nermeadility instrumens.
If a eomposite sample of several shests {n series is to be used, 1%

1s necessary %o first seal the edges wish molten wax, as recomzended
by Carson, for a short distance into the guard ring area. This pro-
cedure bas besn found $0 be effective in Voth the air and ol permea-
bility measurexents for preventing edge leaksge or lateral flov bdetwesn
the test and guard ring areas in those samples in which more than one

shee$ thicknese was used.

The sample is punohed with the specially prepared punch as
mentionsd previously so that it can be placed in both the oil and air
rermeability instruments in such a manner that oncily the same ares
will be sudjected to test in the two instruments. This {s necessary
because variations 4n the air permeability es great as 50% have bean
observed (6) when different areas of the same sheet of paper were sud-

Jected to tess.

The caliper measurements are next made with the Federal
Compressivility Gauge (42). With this instrument it is possible %o
measure caliper $o the nearest 0.00002 in. at the following vressurest
5.7, 9.0, 19, 40, 60, 80, and 100 1d. 8q. in. In caleculating oil and
alr permeadilities it 1s necessary to use that value of the caliper
obiained al the same pressure as the pressure used in the oil permea~
bility measurement. In those cases where deviation has deen made from

this procedure, notation has bdeen made %o that effeot in the tadlated
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data. Yor those samples consisting of more than 5 sheets in series
four measurements of caliper, distriduted fa a representative manner
over the sample area, wers averaged to oblain the trus esliper. Yor
samples consisting of from 2 to 5 sheets ia seriess the averasge was
taken of eigh$ separate caliper measurements. For single sheets the
average vas Saken of 17 separate calipesr measurements distridbuted uni-

fornly over the sample area.

After caliper measurements have been made, the sample is
ready for air vermeadility measurements. That capillary is used vhioch
vill give for the sample in question a pressure differential (h) across
the sample of from 5 %0 12 om. of keroseae snd a pressure differential
(H) acrosms the capillary iteelf of from 5 %o 30 cm. of kerosene. The
reading of manometer N (Figurs 1) is ndjusted to xmero bsfore readings
of h and H are made. From the values of h and H, the air rermeability
{4) in fumdamentael C.G.S. units, wq. cm, can be calculated with the
equation given previcusly. In the calculation of alr permeability values
the viscosity of air at 65% relrtive humidity and 70° 7. has been taken
as 181.3 x 1076 poises. This value is independent of changes in
absolute pressure and does not vary by more than 0.3% for temperature
variations of 21° C. The permeability range of the instrument is
at least 1 to 300,000. Within this range its accuraey, as stated by
Carson (6), is well within 1%, and its precision within 0.2%. (A% thise
point 1t is important to note that the word “accuracy" implies a
rigorous calibration technique and the a2bsolute avoidance of all
systematic errors. Carson errs vhen he olaims an acouracy of 1% and

yet sllows a systematic error greater than this mmount to enter his
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ealidration procedure, dus %0 neglest of the saturation correestion.)

I8 may be mentioned in passing that throughout the work it has never
heen possibdle to observe any change in the alr permeability of a

sample even after large quantities of air have bsen sucked through 1%,
provided, of course, that the sample had bdeen seasoned for a suffiocient
longth of time o0 come to complete molsturs equilibrium with the
atmosphere of the humidisy room.

After the air nermeability neasurement has been completed,
the sample is removed from the instruments. The oil permeadbility instru-
ment is then unbolted and its two halves separated from each other.

The 200~mesh screen is removed from the surface of the bottom part of
the instrument and She botiom part blodted dry of oil. The 200-mesh
screen iz also blotted dry of oil and replaced in the {nstrument. Ihis
procedure is necessary $o prevent the possibility of any oil penetrs-
%ing the sample from $the botsom side. The sample is next placed on
top of she 200-mesh screen with the same side uppermost as in the air
permeability measurement. The top half of the inst¥rument is mud in
place and quickly bolted down. Ofl is sdmitted from the oil supply end
measurements degun at once. If the sample is a single sheet it will

be completely permeated by oil even before the firss measursment can
be completed. If the sample consists of seversl sheets in series 1%

- 48 necessary %o flush the sample several times at a high rate of oil
flow to aid in removing the air. In meking oil sermeadility measure-
ments, the amount of ocil foreed through the sheet is roughly equivaleat
from one meagsursment to the next. DBetween measursments it is necessary

%0 relesse the pressure from the nitrogen cylinder znd replenish the
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o1l in the esplllary Wlbd from the il sepply. In flushing a sample, a
velume of oil is foreed Shrough which 1s roughly squivalent %o 2=1/2
times the amoun$ in an ell permeadilisy measurement. Ia making an oil
periaeability measursment She Vime in sesends is resorded for the amount
of ofl represented by Volume No. 3 to flow throwgh She sample. The
volume i 0s. is read from the ealibrasion curve in Mgure 4 or 5.
This volume is prebadly sccurats %o withia 1% or 2%, since most of

the calitration data 1ie withia 15 or 2% of the calibration ourve.

The Semperature of She upper half of the instrument, and of the oil
vithin 18, is read e She nearest 0.02° 0. oa & =57 %0 %0° O. thermon-
ster graduated in tenths of a degree C. Gince the same thermonsber
was used in the permeability measurements as was used ia determining
the viscosity-temperature surves of the oils, the relative temperature
neagsurements are ascurate So adout 0.02° 0. The viscosily of the il
can be resd from the ourves in Figure 3 to vithin abous 0.2%. During
a permeability determination the pressure is recorded 0 the nearesd
0.1 1b./eq. in. The gage reading is prodably ascurate o the nearest
0.2 1v./8q. in. aftor the gage gorrections are applied. In the colwm
"1b./aq. 4a." rocorded in She tadulated data $he gage corrections have
already been applied, so that the readings recorded are $rue pressures.
Trom a consideration of shese fastors, 1% may be stated that the oil
permeadility measurements are probably acourvate to within 3%, the
1limiting factor being tho acouracy of the pressure gaze and depending
to some extent on the pressure at vhich the instrument is deing
operated. (If pressures oan be detervined %o the nearest 0.2 1b./eq. ia.,
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Shen the pressure can de determined with an ascursey of 0.2% at a
pressure of 100 1b./sq. in. but can be determined with an aceurasy of
only 4% at a pressure of % 1b./sq. in.). The range of the oil per-
neability instrument is abous 1 $o H000. It is governed dy shree
factorst the range of the pressure gage, vhich is from 5 $o0 100
1b./eq. in., She rangs of sample thickness, vhich is from 1 o 20
sheets 4in series: she rangs of the time of efflux, vhich is from W0
sec. $0 40O ses. By using olls of higher or lower viscosities and
recalibrating the instrusment, this range may be considerably extended.
Calidration involves, of course, the determination of the density and
viscosity of the oil at several femperatures and the detsermination of
the volume of efflux of the cepillary Wldb of the instrument over a
wide range of rates of efflux. Hovever, the instrument may be used
with oils of unknowa viscosities 2nd without recalibration if it is
denired to determine only the relative change in the oil permeadility
as 0il is foreed through the sample. This fact has bdeen made use of
in Table X and in Tadle XVIII.

In the operation of both the air and oil permeabilisy instru-
ments sufficient clamping pressure has always been used %o cause the
clamping ring which separates she guard ring and test areas 10 emboss
the sheet heavily. In she oil permeadility measuremeats variations
in the clamping pressure were found to have no effect on the results,
provided the sample was clamped firmly enough to emboss it. Carson (§)
has found that heavy clamping pressure is not necessary in the air
permeability measurements; hovever, it is best to be on the safe side
and elamp the sample with moderate firmness.
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The handsheets used in this work were all prepared from a
west coast blesshed sulfite pulp, exoept those of Beater Eua No. 3
vhich were prepared from a hardwood bleached kraft (equivaleat o
bdleached soda pulp). A new wire for the British sheet mold was seb
aside for this work alone. The pulp was deaten in a laboratory bdeater
in sescordance wvith TAPFI Standard T 200 ==40, except that 5500 g. wers
placed on the bed plate for all the pulps. Samples vere withdrawn
at the iatervals shown in the data for Schopper-Biegler fresness tests
and for making handsheets. Yhe handsheets were formed according to
TAPPI Standard T 205 m»=NO vith the following exceptions. In couching
She sheet, a Vhatman's No. 1, 15.5~em. filler paper vas vlaced nexd
to the sheet. On $op of this were placed two dry blotters and couch-
ing was othervise carried out as usual. ifSer the shest vas couched
s molist Vhatman's No. 1, 15.0~cm. filter paper was placed oa the upo;d
side of the sheet. It is essential to previously moisten this filter
paper, otherwvise the dry filter paper tends $o wrinkle as 1§ comes in
contact with $he veld surface of the sheed, and the wriakles thus formed
cause imperfections in the surface of the sheet. The vhole objeot
here 1s t0 obtain a sheet of uniforaly smooth surface on both sides.
The sheet between the $wo filter papers is plased batween two dry
Plosters. As each additional shee$ is formed and placed on Sop of
the stack of wed sheets a Ary bdlotter is used to separate it from the
previous sheet. Thus, a stack is mils up in the following order:
dry blotter, 15.0-om. filter paver, wet sheet, 18.%-cm. filter paper,

dry bdlotter, eto. OUrsat care is necessary to center exuctly all the
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handsheets, filter papers, blotters, ete. A dry bdlotter is placed on
top of the stack of wed shests and the stack placed in the press.
Prassure is drought up %0 %0 1b./sq. in. in one-half mimte and main-
tained there for 5 mimutes. No second pressing is made. The shesis
are placed in the drying rings without removing sither of the filser
papers and in the following order: drying ring, 18.5~om. filSer paper,
handsheet, 15.0-em. filter paper. polished drying diek, 15.0-em. fil~
ter paper, handsheet, 18.5-om. filter paper, drying ring, etec. IS 1s
$o de noticed that the handeheet is 2lvays separated from the polished
metal drying disk by a filter paper. This prevenss the glased effect
which is obtained on one side of sheets made by the usual procedurs.
The handsheets were dried in the humidisy room (ihe handsheets of
81sing Rua No. 3 are an exception $0 this rule, since they wers dried
on a steam drier). After deing removed from the drying rings, she
sheets vare further seasoned for several days before testing.

In vegard $o the phyeical dasa reported in Tadles XIX, XX,
XXI, XXII, XKIII, XXIV, and XXV, it should be stated that 21) tests
vers made in aoccordance vith $he methods of The Instisute of Paper
Cheaiatry. All data are on the air-dry basis. The data given for
the Fusss oil penetiration were ebtained for penetration from the vire
side Sowards the felt side. Similarly for The Institute of Paper
Chewmistry 011 Penetration Tester, the penetration took place from the
wvire sids tovards she felt side. Castor oil was used in the I. P. C.
instrament, and the data reported are velocity of nenetration of

castor oil 4in mils ner sec. at a depth of 2.00 mile.



TABLE 1
MEASUREMENTS ON A COMMERCIAL MIMKO PAPER WITH CASTOR OIL

(2) Sample: 1% thicknesses of mimeo
Caliper = 0.0585 in. at 19 1b. per sq. in.

03 ~— H = 9.7 h =10.12 A = 1.935 x 10710 gq. om.
808, cc.  1b./sq.in. s poises 4o X 1010 gq. om.
14,2 0.887 19.0 9.05 1.3314
144.6 0.887 18.9 9.17 1.408%

155.8 0.889 18,3 9.57 1.410

Prior to the first measurement the sample was flushed with
oll three times at 90 1b. to aid in displacing the air.

=z 1. - 1,38
A" iR

(b) Semplet 20 thicknesses of mimeo
Caliper = 0.0836 in. at 19 1b. per sq. in.

-3 ~— H = 8.39 b *12.79 4y = 1.89 x 10710 sq. cm.
86C. (11 lbcj'ﬂoiﬁ )_ggv po’...' A X 1010 8¢. CM.
225.% 0.899 19.9 9.85 1.332
222.9 0.899 20.0 9.66 1.314
222.8 0.898 19.5 9.50 1.323
220.8 0.898 19.7 9.37 1.310

Prior to the first measurement the sample was flushed with
01l saveral times at 90 1b. %o aid in displacing She air.

A E 189 = 1.43
Ao 1.32
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TABLR 11
MEASUREMENTS ON SWHITX VALLXY BOMP* WITH CASTOR OIL
Sample: 1 shest "White Yalley Bond"
(a) Caliper = 0.00412 in. at¢ 9.0 1b. per sq. in.
Ca3 == B & 32.20 226.30 2 ® 6.84 x 1071 uq. om.

The air was displaced by eil previous $¢ placing She saxple
in the oil permeadility instrument by coating the top side of the shest
with oil and allowing it to penetrate the sheat under ocapillary forces
alone.

se¢. _ce.  1b./sq.im. % poises p x 10" o5, om,
58.3 0.861 10.1 9.37 k.56
W.Z 0.8571 1-9 9.37 h.hy
g. 0.867 5.8 9.35 %.29
.2 0.86% 9.9 9.33 k.10
A .84 = 1.50
Ao .

(!) o&l’.p.r - 0-00’%18 in. at 900 1v. ner uq. in.
-3 ~— K= 32.20 b= 8.2k A5 ® 5.1% x 10711 uq. om.

Zhe air was displaced by oil previous to placing the sample
in the oil permeadilisy insirument by eoating the top side of the sheet
with oil and allowing 1t to penetrate under capillary forces alone.

se0. _co._ 1b./sq.in 2 polses g x 101 sq. onm.
103.0 0.878 8.2 9.50 J.32
11;.2 O.:Zl 3‘2 g'm g';g
oo oM 9.7 3,54
95.0 0.876 8.7 9.4% 3.38
98.6 0.877 .15 9.43 3.47
g1.h 0.872 10.0 9.32 337
1.0 0.87% 9.75 9.37 3.26
102-5 o.m ’00 9'37 3'33
93.5 0.876 9.0 9.37 3.29
9200 Oom 9'5 9‘37 3'1
98.7 0.877 8.9 9.37 3.1
90.% 0.875 10.0 9.37 3.06
0’

“ g_:%: 1.39
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TABLE II (Continued)

MEASURRMENTS OR *WHITE VALLXY BOND* WITH CASTOR OIL
Sample: 1 sheet "White Valley Bond"

(g) Mip.r b 0.00hl} in. a% 9.0 1b. per sq. in.
63— HZ 1.2 asT1.97 My & 5.34 x 10711 uq. om.

The air was displaced by oil previcus to placing ths sample
in the oil permeadility instrument by coating the top side of Sthe shest
with oil and allowving 1% $¢ penetraie She shest under capillary forees
alone.

!.co 80 L!ol!’oiﬂo 4! mi'.' M xm_ll 'gu 20
113.7 0.881 1.7 9.0 Ol
86.8 0.878 9.2 9.1; §.3»
82.7 0.872 9.8 9.15 3.28
u.z 0.8Th 8.95 9.1% 3.3%
90.4 0.87% 8.95 9.13 3.29
106.5 0.879 7.9 9.1% 3.18
9%.0 0.876 8.9 9.15 3.16
99.1 0.877 8.8% 9.1% 3.0
m . . a 1.59
Ao -3

(4) Caliper = 0.00419 in. at 9.0 1b. per sq. ia. '
o3 == K = 32.00 hz 6,33 A ® 6.89 x 10711 oq. om.

208,
63.7

63,

6.1
69.0
.7
.0
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TABLE IIX
MEASUREMENTS ON WHATMAK'!S FILTER PAPZR WITH CASTOR OIL

Samplet 6 sheets Yhatman's Filter Paper Fo. %0
Caliper = 0.02754 in. a$ 19 1b. ver sq. in 10
Ce3 —= H® 22.79 h=11.80 My = 1.768 x 107" »q. om.

The sample was flushed with 0il several $imes at 80 lb.
prior S0 the firet measurement %o aid in displacing the air.

se¢. _co.  1b.[/ag. 1n. N, poines Ap x 1010 aq. om.

61.2 0.866 0.4 g. 1.2%0
66.1 0.865 20.2 8.86 1.278
73.3  0.868 19.0 8.0 1.22%
70.5 0.867 19.2 £.0 1.;23
72.1 0.868 19.0 8.8 1.
g.o 0.868 19.05 5.8 1.238
8 0.866 20.15 9.08 1,263
T4.0 0.869 19.0 8.98 1.233
75.0 0.869 19.0 5.98 1.217
T1.b 0,867 19.6 9.00 1.2
72.7 0.868 19.3 9.00 1.237
g.o 0.867 19.9 8.97 1.22%
0 0.865 22.7 9.h% 1.213
7%.2 0.869 20.0 9.42 1.203
T4.0 0.869 2.2 9.4%0 1.21%
g4.5 0.873 17.6 9.33 1.217

Ay = l.768 2 1.1
ﬂo [ 3 4
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TABLR 1V
MEASURZEMENTS ON *WHITE VALLEY BOND® WITH VALVOLINX SAE 50

(a) Sample: 5 sheets "White Valley Bond"
Oalipar = 0001966 in, at hO in. per #g. in.
% 0.02001 in. a$ 20 1b. per sq. ia.
-3 - K= .59 B = 11.79 My = 5.1 x 10711 5q. om.

Frior %o the first measuremend the sample was flushed with
oil shres times s% EO 1b. $c aid in displacing the air.

sec. _ce¢.  1lb./sq.in. N, poises Hp x 1911 5g._ aw.

1721.6 0.89 21.6 5.66 3.10
67.8 0.882 gg.o 5.63 2.98
64.7 0.88 .8 5.63 2.98
*62.% 0.880 ky.7 5.63 3.02
66.5 0.881 h1.1 5.63 2.88
68.1 0.882 ho.3 5.63 2.87
73.4 0.883 k1.1 5.95 2.76
*72.0 0.883 40.9 5.:3 2.5
*71.2 0.88% §1.2 5o 2.79

* fndicates that the mample was flushed twiee at 80 1b.

Ao = 511 = 1,69
Mo 3.02

(b) Samplet 3 sheets "White Valley Bond"
Caliper = 0.01235 in. at 19 1b. per sq. ia
G-3-—Ez16.70  B=12.03  Af = 5.9 x 1071 sq. om.

Prior %o the first neasurement the saxple was flushed
several tizes at 80 1b. to aid in displacing she air.

s8¢, _03.  1b./sq.in. Ns poises g x 101 ug. om,

68.3 0.882 19.2% 5.66 3.5

64.7 0.881 20.8% 5.6 3.

66.4 0,882 2.0 B 3.60

695.0 0.882 20.4 5.66 3.54%
53
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TABLE IV (continued)
MEASURKIZNTS OK "WHIPEY VALLEY BOND® WITH VALVOLIRE SA% 50

(s) Samplet 1 sheet "White Valley Bond”
Oalipir = 0-0031»25 in. at 9.0 1b. per sq. in

-3 ——~ E= 30.64  bh=615 My = 6.91 x 1071 wq. om.
880 . G Eo].ﬂoiﬂ . 71— 2 ng&!.! /L( 11 v
39.1  0.866 9.6 5.81 %.60

g.2 0.865 10.0 5.8k b.54

1 o.g; 10.0 5.2 :.3&
* 00 10‘5 50 L 3
:’H 0.869 9.9 5.88 h.lj.g

/X Gol:low
il
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TABLR V

MEASURSMENTS ON WHATMAN'S FILTER PAPER VITH YALVOLIKE SAE %50

() Sample: 6 sheets Whatman's Filter Paper No. 50
Caliper = 0.02928 in. 2% 5.7 1b. ver sq. in.
= 0,02872 in. a% 9.0 1b. per sq. in.
% 0,02820 in. at 19 1%, per sq. in.
= 0002785 in. at %0 v, per sq. in.

seg. _o8,  1lb./eq.in ives /o x 10%° go. om.
*43.3 0.869 22.5 5.T7 1.172
%95.3  0.887 10.15 5.77 1.228
*120.4%  0.%90 §.05 5.T7 1.2%
6575 0.910 0.187 6.04 1.035°%¢
121.8 0.890 8.7 6.05 1.178
*100.4 0.888 10.0 6.0%5 1.239
* 99.6 0.888 10.0 6.10 1.260
* 97.4 0.888 10.2 6.02 1.248
.11301 00“9 80‘5 5.96 10225
*107.1 0.889 9.3 5.9 1.222
207.8 0.89% 4.8% 5.89 1.236
102.8 0.888 9.8% 5.86 1.192
69.2 0.882 lhdls 5.“ 1.210
5%.5 0.876 18.70 5.84 1.163
1935.8 0.8% 5.2 5.8% 1.222
99.5 0.888 g.} 5.82 1.295
68.6 0.882 14,85 5.82 1.160
*107.6 0.889 9.1 5.8 1.222

* indicates that the sample was flushed a$ 90 lb.

** indleates that the value of/{(, is dased on caliper at 9.0 1h. per
Q. in.

L

lb-l.s in. /“_A X 1019 fiQ. ON. /‘iﬂ#ﬁ 1010 $Q. GA. Ao
57 1.850 1.229 1.5
9.0 1.813 1.231 1.47
15 1.79% 1.190 1.51
19 1.78) 1.163 1.5%

0.187 1.813 1.03% 1.7%



TABRLE ¥ (continued)
MEASUREMENTS OX WHATHAN'S FILTER PAPER WITH VALVOLINE SAX %0
(b) Semple: 1 sheet Whatman's Filter Yaper No. 50
Caliper = 0.00496 in. at 9.0 1b. per sq. in. 10
Coll wmm g =z 10;75 _1-1.3 11‘72 /,(‘- L 2-15 x 10 Q. OM.

Frior to the first nesrurement the sample was flushed twice
ak 50 1b.

gec. _co.  1lb./sq.inm. n, polses Af, x lgw 8g. om,

862 0.899 0.187 5.70 1.270
918  0.899 0.187 5.2 1,200

My = 2,15 = 1.73
/{-t 1.2

(¢) Semple! 12 sheets Whatman's Filter Paper No. %0
Caliper = 0.05802 in., ad 5-7 1b. per sq. in.
z 0,05T04 in. ad 9.0 1b. ner sq. in.
— 0.0555!t in. at 14.0 1b. per 8q. in.
= 0.05624% in. at 19 1b. per sq. in.
= 0.05557 in. at %0 1%, rer sq. in.

Prior to she first meamsurement the sample was flushed with
oil several $imes at 100 1b. to aid {n disnlaeing the air.

L L1 CCe lb-[lg-ln- ,’Ll mi’.! /{n X 1910 9. Cl.

368.7 0.896 k.5 5.56 1.292
202.7 0.894 8.9 5.56 1.266
131.5 0.8%1 13.7 5.55 1.255
91-5 0.887 19.3 5.55 1.270
k3.4 0.869 32.8 §.5 1.252
397.5 0.896 .8 5. 1.218
202.0 0.894% 9.0 5.54 1.253
131.5 0.%91 13.9 5.5k 1.2%7
)93.: 0.887 19.3 5.5% 1.23%
5 0.870 0.0 5.83% 1.212
/oq 1 £
1b. dn. /0(‘ z mlo .sQ QB /an X IQ 0 'go CHe. /(0
5.7 1.913 1.25% 1.22
9.0 1.8800 1.222 1.9
1h.0 1.870 1. 1.32
19 1.857 1.252 1.

) 1.833 1.232 1.49



TABLE Y1
BEATEZR RUN KO. 1
(a) Samplet 17 shests I-5"
011 = Valveline SAEZ %0
Caliper & 0.0775 in. as¢ 5.7 1b. per sq. in.
Ce3 = H 2 31.80 B= 455 L ®1.760 x 1077 ug. om.

Prior %o the firss nearurement the sample was flushed with
ol several times at 30 1b. %0 aid in displacing the atr..

J0c. CCo lbol.SO’.lc 41/. ngl”! /an b 3 mg £9. OB,

47.6 0.872 5.4 %77 1.227
3.4 0.870 5.8 5.78 1.24%9
4.3  0.870 5.79 579 1.251
48.1 O.:Zg 5.2 5.81 1.270
4%.0 0. 6.% 5.81 l.212
1.5 0.868 6.1 5.81 1.247
§7.1  0.872 5.% 5.81 1.22%
& - 10!% - lnhj
ﬂo 1.2
(») Sample: 1 sheet 1~-20*
0411 Velveline SAR 50
Caliper = 0.00342 in. at 60 1b. per sq. in.
Ce3 - H® 8.58 h = 11.7h S = 8,56 x 10712 gq. cm.

ses. _ce.  1lb./sq.in. N, potess Mo x 10*2 ag. am.

h}oz 0-‘69 6107 5'91 5'31
45.6 0.871 60.9 ‘ 5,91 E.n
%07 O.m 6?-5 5'91 '97
u8.5 0.873 61.1 5.9 4.8
/‘(.‘ = ‘. - 1.61
ril =
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TABLE VII
BEATER RUX No. 2
(a) Sample: 23 sheets 1-5*
' 0111 Valvoline BAX %0

Caliper = 0.1108 in. 2% 9.0 1d. per sq. in.
C~3 = E = 30.07 h= 8.1k U = 1.338 x 107 9q. om.

se0. _oc.  1lb./sg.in. L, polses Ao x 1010 4o, om,

*55.4 O.gz 9.8 5.7h 8.32
cl - B A
*53.6  0.876 3.0 5.76 3.
"53.2 0.576 9.0 5.Th 9,23
*63.2 0.880 1.9 5.7% 9.15%
*49.0 0.873 10.0 5.72 9.10
51.8 00‘75 9‘6 5. 2 9‘00
s4.b 0.876 8.9 5.£9 9.23
55.5 0.876 &.9 _ 5.68 9.03%
* indicates that the sample was flushed once at 50 1b.
Adp ™ 1338 = 146
/“0 0.92

(b) Samplet 7 sheets L-10"
011: Valwvoline SAB %0
Caliper = 0.0299 in. at 19 1d. per sq. in.

On3 == H = 13.5% h = 10. AU = 1.258 x 10710 oq. om.
sec. _ce. 1b./eq.4n. ‘%L, polees Mg x lou 8q. om.
*75.8 0.884 19.9 5.7% 8.08
*72.7 0.883 20,2 5.72 £.30
*50.9 0.88% 18.65 5.72 8.11
*77.7 o.gg 19.3 5.73 8.16
*75.6 0. 20.0 5.75 8.12
g3.%  0.886 18.8 5.75 7.85

* indicates $hat the sample was flushed once at 100 1b.

=1 = 1.52
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TABLR VII (contimued)

BEATIR RUN No. 2

(¢) Samplet 7 sheets I-10%
0111 Valvoline SAR 50
Caliper = 000287 in. a% 19 1b. per sq. in.
Ce3 == K= 15.30 A= 11.57 Ao ® 1.247 x 10710 oq. cm.

ass. e, 1b./sq.im. Napoives Ao x 10 ac. cme

*72.1  0.583 18.9 5.72 a.g
*65.1  0.881 ao.z 5.72 8.
670k 0.882 mc' 5015 :o“
72.0 O. 19. 5.80 .33
*75.9 o.:g 18.65 5.80 s.zo
76.0 0.88 19.8 5,82 7.93
18.2 0.885 19.5 5.80 1.0
*76.7 - 0.86% 15,2 .50 g.08

* {niicates thal the sample was flushed onee a$ 100 1b.
/(’{_‘ = = 10‘5
Ao %%1

(4) Sample: 1 sheet i~15"
041t Valveline 3AX %0
Caliner ® 0.00K17 in. at 19 1b. per sq. in.

0-3 - g. 1‘00‘ h - 11051 /(; u 2.2 x 10’11 8q. CB.
seo. _o9.  1v.[sg.in. Mo nolses (la %1071 eq. om.
4.7 0.881 19.7 5.92 1.379
67.0 0.882 19.8 5.93 1.329
70.6 o.g 19. 5.92 1.308
™.e o. 19.2 5.91 1.22%

5.1 0.8% 19. 5.91 1.150

;go 8‘“3 ig:o gog iof ?

83.2 0.:2 18.8 5.88 1.117

91.0 0.887 19.3 6.00 1.022

9.9 0.888 19.8 5.98 0.984

97.0 0.888 19.h 5.96 0.948

At this point the sample was washed six $imes vith petroleun ether
O-3--H ® 17.61 hA®s 1151  la = 2.15 x 10°11 ¢q. on.
62.8 0.8% 19.6 5.78 1.392

66.6 0.882 19.3 5.78 1.338

70.6 0.883 19.1 5.718 1.273

71.0 0.883 19.5 5.16 1.238

A . 1.59
/q-tu {:%l
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TABLE VII {centinued)
BEATMR RUN No. 2
(9) Samplet 1 sheey I~-20*
041t Valvoline BAE 50

Caliper = 0.00351 in. at 100 1b. per sq. in.
Ce2 ==m E = 25,84 h=11.87 i = 2.10 x 10712 gq. om.

ges. _ca. 2./sq.in. 7, petses o x 1012 sq. om.

135.2 0.8%1 96.8 5.84 1.128
183.2  0.892 97.2 5.8% 1.06)
153.8 0.892 9.7 5.8% 0.973
165.0 0.893 98.4 5.84 0.910
- = 1.
ATERED

(£) Samplet 1 sheet I-25*
0411 Valvolime SAX %0
Oaliper = 0.00329 in. at 100 1b, per sq. ia.
G2 woe E b 6’57 a u 12‘51 /{A LR x 10.13 8¢. ORe.

sec. _ce. 1b./sg.in 72,‘ poises “p x 1083 5o, om,

155  0.8%8 971.9 5.76 1.8
970 0,900 98.1 5.76 1.45
M= 1.4 = 258

Mo
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TABLE YIII
EFYECT OF PRTROLEUM BTHER EXTRACTION
ON AIK ARD OIL FERMEABILITY
Sample! 1 sheet 1~15%--Bgater Run No. 2

011t Valvoline SAR %0
Caliper = 0.00406 in. a$ 19 1b. per sq. in.

C-3 === H = 14,92 k= 11,19 Mo = 1.838 x 10”1} 4q. om.
The sample stcod under petroleum ether for 2 hr. znd them/(, redetermined.
w3 === H z 15.42 h= 11,20 A S 1.893 x 10~11 sq. om.
Stood under petroleun sther for 12 hr. and then 641 redeternined.
0-3 —— B = 16.32 hw 1167 L4 s 1.918 x 20711 eq. em.
ses. _oe.  1bv./sa.in. N, poises g x 101 4o, am,
7.9 0.863 19.95 5.89 1.203
70.0 0.883 2.9 5.91 1.170
78.1 0.883 20.05 5.91 1.093
89.1 0.887 18.7 5.91 1.030
9“00 00“1 1‘n‘ 50” 0-971
93.5 0.887 19.2 5.90 0.923
Aa = 1.918 = 1.59
/4(0 1.20

The oll vas removed from the sample by washing four simes with 20 oce.
portions of petroleum ether.

C=3 ~~~ K = 16.07 h 3 11.64 My = 1.894 x 10°11 uq. om.

The sample was vashed again with 20 oc. of patroleum ethepy.

03 === H = 16.06 h = 11.62 Ma = 1.892 x 10722 gq. om.
806, 08 . 1b./8g.4n. 72., poises Hg x 1011 Sq. Cm.
78.6 0. 18.6 5.82 1.15%

76.1 0.32 19.55 5.8 1.133
4.0 0.8%4 20.9 5. 1.09
86.8 0.886 19.1 5.83 1.02
93.% 0.887 18.5 5.83 0.980
96.1 0.887 13.0 5.83 0.929
91’2 Dlm 19.6 5!83 o-m

/;(_::%_:_gg: 1.65
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TABLE IX
EFVECT OF REVERSAL OF DIRNCTION OF F1OVW
ON OIl PFRMEABILITY
Samplet 1 sheet 1=20"~-Beater Run No. 1
0411 Valvolinme SAR 50
Caliper * 0.0036% in. at 4O 1b. per sq. in.

= 0.00345 in. at 100 1b. per sq. in.
Ce3 === H » 7.48 h=12.01 A= T.92 x 10~12 4q. om.

ase. _co,  1lb./eg.in. N, notses Ap x 1012 sq. cm.

g:.g o.::g g.s g.::, t.;g
[ O- Qio L -
89.4 o0.887 39.4 5.82 4.36
101.6 0.888 39.7 6.06 3.97
*e160.0 0.893 39.% 5.96 2.50
**236.3  0.89% 39.2 2.:2 1.69
61. o.:;a 98.9 o1 2.46
183.2 0. 19.5 6.12 2.2%
205.6 0.994% 39.0 6.10 2.02
66.9 0.882 98.7 s.ol 2.26
67.5 0.882 97.2 6. 2.2%
68.1 0.882 9. 6.04 2.2
67.9 0.882 99.8 6.02 2.8
203.7 0.59% 39.4 6.02 1.995
220.7 0.89% 39.8 5.98 1.8
255.2 0.89% 38.0 5.98 1.64
81.7 0.88% 98.7 5.96 1.823
83.3 0.585 9t. 5.93 1.807
83.7 o.::z 98. 5.93 1.767
85.3 0. 98.8 5+93 1.737
A% this point the sample was inverted
357 0-:2 99.0 5.78 3.93%
37.4  o. 101.0 5.78 3.68
1044 o0.888 gg.h 5.78 3.70
108.0 0.889 .8 5.80 3.08
.13109 00‘92 hlo) 5.“ 2-72
178.3 0.8%4 38.2 5.85 2.28
208.6 0.89% 38.4 6.01 1.992

At this point the sample was relnverted

Each asterisk indioates that the sample was flushed onae at 40 1b.



-8}

TABLE IX (continued)
KFTECT OF REVERSAL OF DIRZCYION OF FIOW
ON OIL PERMBABILITY

see. _go.  1lh./sq.in. L_muu Ao x 1012 sq. om.

108.3 0,883 k2.1 5.3 3.0
1"‘:&07 0.870 9‘.2 51 3.35
2 0.80 98.5 5.87 3.27
123.0 0.89%0 39.9 5.87 3.17
!l;; sample was vashed six times with petroleum ether to remove the
031l.
Cm3 === R = 7,25 h =z 12.13 My = 7.60 x 10712 aq. on.
82.7 0.885 39.8 50 h.71
4.5 0.886 4.0 5.91 L. ug
96.3 0.388 39.2 5.91 4.13%
*eee48517.0  0.894 38.5 6.16 1.96
233.4% 0.895 39.5 6.46 1.86
A% $his point the sample was inverted.
6.4 0.887 k1.8 6.27 411
117.7 0.8%0 ga.o 6.30 3.72
seee175.5 0.893 1.1 6.25 2.%

EZsch asterisk indicates thad the sample was flushed onee at 4O 1V,

The refractive index was examined during Shis test and was
found %o be unchanged (to vithin 0.0001) after she oil had passed

through the sample.
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TABLE X
MAASURBMENTS OF 013, PERMZABILITY

WITH BAYOd

(a) Samplet 10 sheets L-20=~Beater Run No. 1
011: BPayoj (mineral oil free of unsaturates)
No absolute values of oil permeability were oblained.
MY 8o X Xk, where k is an umknown constant.

Caliper 1s appﬁxil&hly 0.0036 in.
oﬁ

/‘(A e 8.5x1 4. Ol

ses. _se, 1b:/sq.im.. N poisen Ao x J03? sq. om.

*90.0 o.:z 17.2 6.0 1.004

1.4 0. 1.0 6. 1.002

18.0 0.886 20,0 6.08 1.003

86.1 0.887 17.9 6.06 1.013
savgii.8 O0.88] . 19.0 6.1% 0.985

86.6 o.::z 18.6 6.13% 0.993
»eeg2.5 0. 19.9 6.18 0.969

81.8  0.587 18.7 6.16 0.957
seegs.3  0.887 19.5 6.18 o.%
vergy.3  0.887 19.1 6.10 0.
91,1 0.87 18.2 6.09 0.947

Zash asterisk indicates that the sample was flushed ones at

50 1%.

(3) Sample: Rag content ond
0111 3Bayoj (a mineral oil free of unsaturates)
No adsolute values of oil permeabilisy were obtained.
My 2 M, x X, vhere k is an unkmown oonstant.
Calipe? is appreximately 0.00400 in.
0e2 = K = B.87 h = 16.83 Ay ® 3.25 x 10723 eq. cx.

ses. _ss. v sedm. "L, potses g x 20V} eq. om.

Th.l  0.88% 38.9 6.06 6.00
85.2 0.886 39.7 6.01 2.09
9.5 0,887 39.% 6.02 .53
109.2 0.889 39.6 6.02 4.00

164.3 0.893 3s.3 6.33 2.9
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TABLE XI
FILLMR RUN NO. 1
(a) Sample: 1 shee$ L-Of~~Filler Rum No. 1
041: Valvoline 3azx %

Caliper = 0.00418 4a. at 19 1v. per nq. in .
0-3 == H® 17.22 A=1.99 /=203 10712 sq. om.

see. _se.  1v.fseein. 7], poises 4o x10M se. cu.

72.1  0.883 19.3 5,80 .24
78.% 0.885% 19.2 5.79 1.15
21 omoo41 pE
4.7 0.867 15.8 5.7 0.968
Mo E‘%é » 1.63
Mo L

(b) Somplet 1 sheet l~5%-~Filler Run No. 1
0111 VYalveline SAA %0
Caliper = 0.0040% in. at 19 1b. ner vq. in.

Cnl wwe E 2 19005 h = 1107‘ %‘ s 2.2l x 10’11 84« O,
ase. _se. bofsqutn. Ly polses oz 10V sq. em.
65.6 0.881 18.9 5.62 1.5
73.3 0.884 19.2 5.63 1.1%

76.7 0.884 19.1 5.63 1.11
82.1 0.88% 18.7 8.63 1.05
/u.* a 2 3 1.69

/(o f_%

(g) Samplei 1 sheed Le20%~-Filler Rum No. 1
011 Valyoline SAR %
Caliper ® 0.00421 ia. at 19 1b. B s {n. -11
0‘3"‘"3330‘71 hsn' /“433-62110 8Q. Om.

sees _oe.  1b./sg.in. N, neises “a 510 20 om.

36.5 0.86 19.7 5.57 2.28
37.0 0.8 19.7 5 .56 2.2%
.6 0.866 19.7 5.57 2,10
1.2 0.867 19.7 5.57 2.02
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TANLE X1 (eomtinmed)
FILLER BUN ¥O. 1
(4) Sample! 1 sheet LeB0f~~Filler Rua Ho. 1
011t Valvoline 2A% %0

Caliper ® 0.00469 4n. at 19 1b. per sq. in. -
0w} = E 3 30.88 § = 11.93 AL ® 397 x 10777 eq. am.

ses. _os. 1v./eqdn. 7. polses Ao x10%) sq. om.

69.3 0.866 2.0 5.72 2.38
.3 0.869 19.3 5.7 2.2%
0 0.869 19.2 5.7 2.2
5.5 0.80 19.7 5.72 2.10
7.0 o.8N 19.7 5.72 2.04
/I;(A o Je z 1067
/(,(Q 205

(9) Bamplet 1 sheet L-2T1%==Filler Rua Fo. }
Oilt Valvoline SAR %0
Caliper ® 0.00633 in. at 19 1b. ner sq. in.
0n3 = K& 31.26 h*10.79 s ™ 5.99 x 10711 sq. om.

ass. _og.  1d:/sgin. 7, peises 4 x 10! sq. ew.

4.6 0.866 19.1 5.62 j.a
9.7 0.866 19.8 5.63 3.17
3.7 0.869 19.1 5.63 2.;19

§3.2 0.869 19.9 5.63 2.

4.0 0.870 19.2 5.6% 2.83

Mars 2 1.86
“ar3g



TABLE XIX

SIZIRG RUN HO. 1

(8) Samplet 1 sheet LeOf~~Bixing Run ¥o. 1
0il: Valwoline S5AR %
0‘1190! - 0.005 in. at 19 1. 8g. in,
C-3 — K= 18.47 Az, My ® 2.1 x 10711 uq. om.

gee. _ce.  1b/sqotn. 7L, olwes Mo x )0V sq. om.

63.7 0.88 19.7 5.93 1.34
69.7 0.882 29.0 5.93 1.27
72.0 0.883 19.5 5.93 1.20
8.7 0.885 18.0 5N . 116
1.3 0.885 18.6 5.90 1.1
/q.‘ = e:%h z 1.60
Ade 2+
(}) Samples 1 sheet Lelf--3izing Run No. 1

0411 Valveline 8AX 50

Caliper & 0.00415 in. a% 19 1b. per sq. in.

03 == H = 19.4 BE 11,26 L = 2.5 x 10711 o, on.
ses. _ce.  1b/eqtn. 7L, petses (e x 0! wq. cm.
55.6 0. 19.7 8 1.

.8 o.l‘g 19.7 g.sh 1.
é.z c.s8 18. 5.84 1.0

.7 o.mm 19, 5.8 1.36
T1.9 0.883 18.6 5.8% 1.29

Ay = 2,00 = 1.5%
ks
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TABLY XIT (con$inued)

SIZING RUN ¥C. 1

(g) Samplet 1 sheet L-2f-~Sixing Bun No. 1
041t VYalwolino BAR %0

Caliper £ 0.00399 in. a$ 19 1b. ver sq. in. ]
b}gggm. h'l@o&n /&(‘3205)‘31011 o CX.

_!;!_._o- 98, B oin. ;L| m&l.’ /('(. X wll 5q. Om.

6 0. 18.3 5.8% 1.69
TR B
ol 0.8719 184 523 1
584 0.878 19.8 5.87 1.43

AA T 2.0 = 1.50
Mo

(4) Sample! 1 sheed L-4f-=3tsing Bun Fo. 1
o411 Valwlm:a SAR 50 ' 1 .
Caliper 2 0.00823 fn. at * ) 8q. 1N, - -
-3 Bz 2185 po 108 4" 355 x 107 s on.

ses. _so.  1b./sq.in. N4 golaes g x 30 wq. om.

.5 0.867 18.4 5.91 2.31
.5 0.867 18.8 5.93 2.26
gg.a 0.867 19.8 5.93 2.22

Z 0.868 19.2 5.93 2.17
Wo.4 0.867 2.2 5.9% 2.11
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TABLE XIII
BEATER RUN NO. 3

(a) Semplet 20 sheets l-2"-=Beater Run No. 3
0i1: Valvoline 3AR %0
Ollipu' Z 0.1160 in. at 507 . ey 84, in.
s 0.1129 in. at 9.0 1b. per sq. in.

: 0.1100 :\;o "11“' 1%. per 84. in.

0.10 $ 1v. « in.

Cw3 wee Huw by, : hgt 2-08.! "

0""3 e n' 9029 E L ho°1 MA = 900‘ x l.O"m g
0-3 == H® 14,39 h® 6.07 AL E 9015 x 10710
Cw3 o=~ H = 13.33 M

0-3 = F = 2.7 U

/O{A ] 9013 x 10"10 8.

s .09 2% 9.1 x 1010 oq.
= 10.10 /(,(&3 9.10:18‘10 Q.
® 12.07 A ® 9,10 x 10710 4q,

aRe
an.
[ ™
o
en.
(. 1

ge8s  _oe.  1b./sq.in. 7\, potses Ko x 20T sq, om,

*10%.9  0.859 5.8 5.;2
R
g s
* 78.0 0.885 9:2 5.72
ek odm 30
i
51.8 o:gs 13:1 %.66
a.ﬁ 0.86% 19.7 5.66
188.8 0.892 5.0 5.63
;g'g 80“6 1;0; 5-%

. . . 5.
g.s o.ag 19.3 5.59
1 03 0-392‘ .' 5.&
.8 0.886 8.7 5.59
52.5 o.:P .1 5.59
3T 0.86% 19.b 5.59

5.08

55
s'ﬁ
g.a

.23
6.11
6.16
6.27
6.17
6.02
5.72

* {ndicates that the sample was flushed once as 50 1b.

My 2900 = 147
/L(’ o1
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TAELR XI11(continued)
BEATER KUE ¥O. 3
(b) Samplet 12 sheets IL-6"~-Beater Run No. 3
0111 Valveline AR %0

Otliptr = 0.0610 in. at 9.0 1b. per sq. in.
O3 oo !‘ T 1.8 A d 9.‘5 /L(A . 3.52 x 10.10 Q. GR.

ges. 0o,  1b./sg.im. Moozejeen o x QM0 s om:

*103%.2 0.88% a.g 5.59 2.66
* 94,7 0.887 s. 5.59 3.07
* 90.3 o.:z s.7 5.88 3.10
* g7.§ O, 9.1 5.2 © 3.0%
d %00 00% 900 5. Z.g
* g7.7 O. 9.3 5.52 2.
gh.8 0.586 9.5 5.@ 2.98
.3 0.886 9.5 %e 2.89
.g o.::g g; g;q z.g
£3.6 0. . . 2.
g6.1 0.886 9.5 5. 2.9

* imdicates Shat the sample vas flushed cnee at 0 1b.

//Z{_:Sg_f%l 1.%6

(_0,) Sample: % shests l=11"~-Bsatey Bun No. 3
041: Valvoline SAX %0
wp.r ® 00023 in. at 3.0 1%. per sq. in.

see. _co. 1v/agutn.  Tlipetees A x200 s, o,

*103.6 0.888 1.7 5.25 1.17
* 8.5 0.887 8.9 5.25 1.17
* G505 0.887 9.5 5.27 1.09
* 9%5.0 0.587 8.8 5.27 1.12
95.9 0.887 9.2 5.28 1.06
96.7 0.888 9.1 5.30 1.05
9.1 0.888 9‘3 531 1.02
100.2 0.888 9. 5.30 0.997
* {ndiocates $hat the sample was flushed once at 850 1b.
/‘1‘ 21, s 1.5&
Ao B



TADLE XIIX (continued)
BRPATER RUM NO. 3
(4) Sample: 2 sheess I~15"-=Beater Run No. 3

041: Valvoline SAX %0
Gdiptr ® 0.00920 in. at 9.0 1b. ver 8q. in.

-3 = H = 29.07 k= 9.13 AL B 9.66 x 10711 uq. om.
ges. _co.  1b.[/sq.in. %, potses o x20M sq. om,
‘6902 0-3‘2 900 L] .ﬂ
*70.6 0.882 9,1 gg; 3-53
*67.8 0.882 9.8 5.30 5.43
*73.1  0.883 9.3 5. hz 5.28
*731.2  0.883 9.3 5o 5.26
*78.6 0.885 8.7 L RO g.zh

‘207 0.!86 307 5.“’4 ' 09‘

'30‘ 0.886 ’09 s'hg “079

:g.k o.::g ;.; 5.142 ;:g

v o. L) 5' 2 .
36-{ 0.887 9.2 5.8 L.ng

* indicates that the sample vas flushed onee a¥ 30 1d.
,M_‘zg_%: !.065 .l
Ao *

(s) Samplet 1 sheet 1~20"~~Beater Bun Fo. 3
041t Valvoline SAZ %0
Caliper ® 0.00L5) 4. a% 9.0 1b. per sq. in.
G"}mg. 270“ k.gow /Ug'lhzz xm“l’l‘ 4. O

200, _co._  1b./eq.in. 7, polees Ado x 20’ sq. om.

83.7 0.886 5.9 5.55 2.%0

86.2 O.“ 9.5 5057 2.20

9%.6 0.887 9.1 5.5% 2.08

100.3 0.838 9.1 555 1.97

108.6 0.889 9.0 5+55 1.84

115.1 0.890 8.85 5.55 1.76
(A 76
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TABLE XIV
YILLER RUN HO. 2

(a) Samplet 1 sheet L~0f=-Filler Run No. 2
041t VYalvoline 83AR 50
Caliper & 00008 i‘- at 40 1v. POr #4q. in. 12
6’3“""3. h'lltl} /(/(“931:10 8q. oM.

see. _ge.  1b./eq.in, M, polses AazlQ? eg. om.
67. . . 8
T

70.6 0. 5.h4

15.7 0.3 5.5% §.12

76.5 0.584 hl.} 5.5k 4,92

83.5 0.88 .2 5.5% L.6%
/L(A 2 o ‘ 10@

(3) Sample: 1 sheet Leff-=Filler Run No. 2
0il: Valvoline 8AX %0
Caliper ® 0,00399 4n. at 40 1b. per sq. in.

0=3 ~= H3 9.18 k3 10.75 My B 10.8 x 10712 4q. onm.
ses. _se.  1b.feqds: Lo polses o x10'? ae. em.
53.8 00‘7‘ hlo} 5-6‘ 7‘22
56.1 0.877 %0.9 5.70 O
56°9 0-577 hzl'l stg .73
6h"' O-m g-’ 50 G.M
6?.07 0.m o 5.“ 6021
A{a® 10.8 % 1.5
ﬂo [ X 2

(g) samplet 1 shee$ 1~20f--Filler Run Vo. 2
041¢ VYalvoline BAR 50
Caliper = 0.00414 1in. ad %0 1b. 33 sq. in.

0=3 o= H 2 12,83 B = 10. % 7T x 1011 oq. om.
sse. _ce.. lufeadn. 7L, petses o x 20! eg. am.
37.1 0. ¥1.0 5. 1.10
g-o Oo% ,nll 772 1.07
4 0.867 40.1 5.16 1.03
W.2 0.867 40.2 5.76 1.01
434  0.868 39.9 5.76 0.965

2 1.77 % 1.61
e



(4) Sample:

~9%=

TABLE XIV (oon$inued)
FILLER RUN XO. 2

011t Valwoline $5AE %O

Caliper = o.ooso& in. at 19 lb. por 8q. in.

208

35.2
3%-3

s

31-3
39.8

(@) Semplet 1 sheet I-312f~-Mller Ben ¥o. 2

A=9

1 sheet 1~80%-«PFiller Fum No. 2

on = 4,73 x 10 ~11 8q. om,

ge.  Id./squdn. 7, potses Ao x10'! eq. om.

0.863
o-868
0.866

0.86%
0,866

19.5
19.8
19.7
19.0
20.1
19.3

My ®
Mo

011t Valveline SAR 50

Caliper = 0.00983 in. at 9.0 1b. pey sq. in.
Cn3 === H = 33.69

208

29.0
27.0
3.2
33.8
1.5

. 13

0.8%6
o.g
0.

0.861
0.8%9

1!-["- !a'

5.2
5.8
5.0
L.8
5.2

My
AL

h = 2.57

5.72
572
5.72
5.72
.72
5.70

g;&: 1.61

B.20 5 1.62

359

2.9%
2"7

2.7%
26

e
6

/aA M.EO x Wm . &M,

Tapotees Hazld0™ se. o

2o
§:§

2.38
2.3%

All galewmlations based on ealiner at 9.0 1b. per sq. in.



TABLE XV

THE RFFECT OF ANTI-OXIDANT
ON OIL PEXRMEABILIYY

Sample! 1 sheet L-0%—Filler Bum Ko. 2

011: Valvoline 5AX 50 to vhieh adous 0.01% of monodbensyl-p-aminophsnol
(1n isopropyl alcohel solution) had veen added.

Caliper = 0.00376 in. at 40 lb. ner sq. in.

Oe3 = E & 8.93 RE 128 LG = 9.56 x 10712 gq. em.

ses. _oe.  Id:/egtn. L. petves 4o x20'2 sa. cm.

63.0 0.880 39.6 5.78 6. 69‘
i B - S
85.6 0882 0 5.76 4.53
98.9 0.868 39.2 5.75 4.01
A S 9.5 = 1.55
/ao 2:%

Thess data are %0 be compared with those of Table XAV
(a). It ta apparent Shat the addijion of antioxideat to the oid has
ezused $he dearease in oil permeadility, aw suscessive messurexments
are made, $0 de much more pronounced. I8 vas suspected that, whea a
fev os. of an isorronyl alcolol solution of monobensyl-p-aminophenol
wors added %o several hundred co. of mineral oil, she monobensyl
aminophenol might not remais in Srue solution but might separade in
the form of collaidal particles suspended in She oil. Samples of the
oil Doth with and without antioxidant were examined in a strong beam
of light. The pure oil showed very little scatsering of light,
vhereas the oil $o0 vhich antioxidant hed been added exhibited con~
siderable scattering of light. Bolid pertisles, rresumadbly of the
antioxidant, oould astually bde distinguished visually. It is prodedle
that the fillering sut of these particles from $he oil as 1§ passed
Shrough the sampls esnsed the mors pronounced decrsase in ol per-
meabilisy vhich vas odusrved as successive measurexenis were made.
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PARLE XVI
81ZING RUN MC. 2
Samplet 1 sheet 1~-0$8-~Sising Run No. 2

Otl: Valvoline 8AR %0
Caliper = 0.00389 in. at 4O 1b. per sq. in.

0.3 - g s 7"1 a = 11‘98 /{'{A 8099 x m.m 8q. om.
pee. _ee.  Iv/sgim. 7l polses Ao x20'% sgigm.
B2 B OB 8
:22 0.586 %3 5.73 %.56
8.5 o.857 w.7 5.73 %.39

100.0 ©.858 39.2 5,72 %.07
/{’(4 8. < lvn
gl v

(2) Samplet 1 sheed L-2f5~-Bixing Bun Ho. 2

0114 Valvoline SAE 50
Caliper = 0.00404 in. at WO 10, PEY 84. in.
Ce3 e !. 5.88 !' 11.70 /(/(A = 7.08 x 10"12 8g. Om.

sse. _ot.  n/eq.dm. 7L, petwes A x 102 sq. gme

103.5 0.888 R 5.6 %.00
1022 0.888 g.g 5.63 3.;2
123.7 0.8%0 2 5.63 3.
18.1 0.8 6 5.63 3.
127.7 0.890 %0.3 5.63 3.18
My s 217
s
(g) Samples 1 sheet L-Uf3~~S1ising Rum No. 2
041t Valveline BAR 50
Caliper = 0.00h2% in. ad %O v, PER 84 in.
0~3 == § = 8,10 he11.66  if, #10.2 x 10712 oq. on.
65-6 0.58 ’0.5 50“ Gnh’
n.5% o.:g %0.1 5.67 5.99
4.5 0. %0.0 5.67 5.16
75.0 0.88%% %0.3 5.67 5.32
80.6 00“5 390. 506’ 50

k-~ M



(4) Sample:

~96=
TANLE XVI (contiaued)
BIZING RUX ¥O. 2

041¢ Valvoline 3iF %0

Caliper ® 0.00817 {a. a 4O 1¥. per sq. in.
Ay % 8,60 x 10712 oq. em.

1 shood 1n88Se~Sixing Run ¥o. 2

On3 wee H® 6.99 hs1l1.82
208. o0, l‘cl!’oia.
75’5 o'm 90 5o61
"03 o“‘s %'; 5063
0. 0.88% .3 5.6
sh.8 0.8% %0.1 5.
g8.h 0.636 40.3 5.

Ma

(e) Samplet 1 sheed I~Nf8, UfRe-31ising Bun No. 2

o

0i1: Valweline 848 %0

0!119.2 ] o-m in. &t %0 1%, per 84. in.

“3*!' 6.22

se8. _gc.  1b./eg.in.

91.8
95.1
100.0
113.3
110.0

0.887
0.888
0.988
0.889
0.8%9

-g_.%t 1.52

dh_ t 4 11-89

395.6 5.64
1 §:§
&3 3:ce
My s g__g = 1.64

/,{O

72‘, poises Mg x ;Qm 8q. ox.

5.6‘
5.33

«19
é:%i

Aa® 813 x 10712 oq. am.

N, potses An x2Q™2 aa. ama

4,96
W
%17
4.03
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TABLE XVIR
STUDY OF THX PILTRATION XFFBOY
USING VALVOLINE SAR 50

(2) Samplet 1 shest "White Valley Bond*
le - 0-(”315 in. at 900 1b. per »q. in.
Ce3 == K= 29.70 A= 733 A s 5.04 x 10711 gq. em.

() Semple: 1 sheet *White Valley Bond*
Oalip!r s 0.00K18 in. at 3.0 1b. per sq. $n.
0’3 ———— g‘ mt“ k ] 6". /(AA - Stm X 10.11 4. OB,

(g) Samplet 1 sheet *White Valley Bend"
‘Caliper ® 0.00M15 in. at 9.0 1b. per sq. in.
C=3 «-= B ® 30.5 A® 129 /a;;'s.nxw'n aq. o=,

(o) ..3'). (g) The three sheets were plasced in series with () o top
' on the bottom and, withous wax~sealing the edges, oil per-
neabdility neasurssents were meds. Caliper was taken as 0.012% in.

ad 19 1b. per 8q. in.

E.o 0. 19.2 . 3.66
0 0.882 2. 5.Th 3.6
9.3 o.:g 11.9 5. 3.58
5.8 0. 19.0 5. 3.58
183.0 0.593 8.2 5.7 3.
180.7 0.89)% 8.95 5. 3.19
1;{.: 0.893 9.0 Be 3.10
191.3 0.89% 8.9 5.67 3.01
.2 0.88% 19.2 5.63 3.22
86.5 0.886 18.6 5.62 3.1
196.3 0.894% 8.5 8.61 3.
8%5.5 0.886 19.2 2.60 3.08
tO’ 2-99

95.5 0.887 19.1

The thres sheels were Salken out of the air permeablility instrument
and their oil permeabdilities measured separalely.
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ZABLE XVII (oontinued)
STUDY OF THR FILTRATION RFFECY
USIKG YALYOLINE SAR 50

o

Y
seo. _ge.  1b./sg.in. Napolses Ap x)0°7 sq. cu.

30.0 0.858 20.2 5.96 2.84
71.0 0.883 9.0 5.91 z-R
12.6 o.& 9.2 5.93 2.

5.7 O. 9.1 5.92 z.gs
76.1 0.88% 9.3 5.89 2.47

M) 2 5.08 2 1.79
il =

»
280, _00.  1b.[sq.in. Napoiees Ao x 10 sou am.

47.5 O-ga 9.6 5.0 3-8
a.} OO 900 5"1 3‘8
9 0. "a 9.6 5.8 3.
52.{ 0. 9.4 5.81 3.46
52. 0.8Th 9.5 5.78 3.42
/M_‘. s 6= 1.7T2

Me 3

5.0 0.87% 9.7 5.68 3.43
52,3 0.875 9.4 .70 3.40
52.9 0.875 9.5 3.70 3.36
54.8 0.5]7 9.3 5.70 3.29
51.5 o.878 9.2 5.10 3.7

The three samples wvere washed with petroleum ether $o remove the
0l and she air and oill permeadilities ware redetermined.
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TABLE XVII (oontinued)
STUDY OF THE FPILTRATION XFFECT
USING YALVOLIXE SAZ 50

() O3 = ¥z 30.69 h=s7.98 AMa = 5.24 x 1011 gq. en.

53.6 0.876 9.6 6.02 3.4
57.% 0.8578 9.0 6.02 3.4
59.4 0.879 8.9 6.02 3.36
.7 0.878 9. 6.00 3.22
3.5 0.8Q1 8. 5.99 3.1
/,(4 -4 2 = 1.52
il
() 03 === H= 20,82 h=6.68 My ® 6,31 x 10711 oq. e
ses. _ec.  1b./eq.in. Tapoises Mgz 10t eq. om.
.5 o.070 9.3 5.92 .21
47.0 0.872 9.0 5.9% k. og
hs.g o.:r’z 8.9 5.9% 4,
'&9- 0- 9-3: 5‘93 3‘97
5.1 0.873 9.0 5.93 3.80
My =z 6.3 2150
/4(, ‘T.%

() 03 == Hz %.67 hz 7.4 Ay 5.60 x 1071 5q. om.
300. ﬂt ;!.l.ﬂ-la: /h-. E&I‘! //. X ml‘l 8¢ ON,

48,8  0.47% 95 5.87 3.1
52.%  0.87% £.9 5.88 3.22
§3.0 0.875 9.0 5.88 3,

gzz 0. 9.3 5.88 3.5
e 0.877 900 5-“ 30”0

My s 5,60 = 1.9
Me %T%
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TABLE XVIII
THE XFFEOT OF DISTILLATION OF TEE VALVOLIEX SAX 50
O OIL PRRMEABILITY MEASUREMENTS

Samplet 1 sheet I~25%-Beater Rua Ko. 2

011t Distilled Valveline SAE 50 -~~ distillation range = 110° g
180° C. in the molecular still.

Gllipcr - 0.0031h in. at 100 1v. Per 8q. in.

=3 === H & 4,00 h = 10.97 a3 x 10733 5q. om.

200, _e¢.  1b./sq. in. N, posses Ap x 20" sq. an.

221.5 0.895 94.0 5.80 5.90
260.0 0.895 97.7 5.8 3.19
284.0 0.895 97. 5.82 J7
306.2 0.89% 97. 5.82 4.h%

//; t//o x k, vhere k is an udknown constant.

TARLR XIX
PHYSICAL DATA FOR BEATZIR RUN HO. 1

Stoek: VYest coast bleached sulfite

Basis
Sample Deating K wi.lb. Bursh,
1denti- tine, Tresness 25xUi0== noints Toar

m mo Q8. 3-‘30 m aﬂ lb- m’

L~5% 5 830 §3.2 0.372 2.59
I~20" 2 430 3.9 0.T73 1.33
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TABLRE XX
PHYSICAL DATA JOR BFATER RUN KO. 2

STOCKt West coast dleached sulfise

Free~ lRasis Yuees I.p.C.
Sample DNeating ness  wh.lb. Durst, - Ouriey oil oil
identi~ time, 00. 25xi0-- poinss Tear  porosity. penetra- penstra-

fication _mim. S.~R. _500  per 1b. fastor __sec. _ Sion ses. _ tion®

H. 5 m h?os OIag 2076 109 11.} ——————
I=10* 10 ﬂg 49.3 0. 1.84% 17.2 43 0.16
1~15% 15 hs.) 0.798 1.46 94.6 186 0.054
I=20* 20 310 Lt 0.832 1.16 260 1170 =ee—e
1~25% 28§ 200  me- .

* Hate of penedration of castor oil in mils per sec. at a denth of 2 mils.

TABLE XXX
PHYSICAL DATA PCR FILLER RUN NO. 1

Stoek: Yest coast bleached sulfite beaten for 17 win. to a freeness of 450

[-1- 2% 3--8.
Clayt: English soating olay
Basis Tuees 1.r.C.
Sample vi.1b, Clay Burst, OGurley ol oil
identi~ 25xU0== in shees, voints Tear porosity, nenetra= penetra~
fication _ %00 $  perlv. factor __ses. _ Mlon sec. _ tion®
1=0% h7.6 0 0.867 1.54 101 148 0.0049
1~5% 48.6 21 0,845 1.52 ™ i 0.0036
1~-20%  50.4 5.8 0.n2 1.25 57 142 0.005
1~80% 58.0 21.8 0.508 1.47 58 119 0.011
1-2T1% 88.2 85.3 0.172 0.83 62 151 0.160

* Rate of penstiration of castor oll in mils ner see. at a depth of 2 mile.
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TABLE XXI1
PHYSICAL DATA TOR SIZING RUN NO, 1

Stoek: Vest coast dleached sulfite deaten for 15-1/2 min. to a freeness
of %0 go, 5.-R, ,

Size: Rosin size —-- 0% free rosia

Alum: pR adjusted to about X.7 vith slum

Basis ) TY T 1.r.C,
Sample Sise wt.lb, 3Burss, Gurley oil oil
1denti- added, 25x40--- points Tear porosity, pemetra- peaetra-
fication _ $ %00 per 1ld, factor _ see. tion tion®
L-0% 0 ¥1.6 0.817 1.bo 86 190 0,049
1-1% 1 5.6 0.3 1.46 18 20k 0.08%
1-24 2 81,1 0.729 1.46 67 20% 0.0
L-ig% 4 %1.3 0.64b 1.h4 hg 167 0.078

* Rate of penetration of eastor oil ia mils per sec. at a depth of 2 mils,

TABLE XXIII
PHYSICAL DATA FOR BEATER RUN NO, 3

Stock: Hardweod dleached kraft

Dasis Tuess 1.P.C.
Sample Beating Freeasss wt,1lb, Burst, Gurley oil oil
identi- time, ce, 2%xl0-- Poiats Tear poresity, penetra- penetra-
fication _min., _8.-R, 500 __ per 1, factor _ see, tiea tien®
L.2¢ 2 705 W42 0.170 0.560 3.8 16.8  -eee

L-6* 6 620 .3 o0.212 0.531 6, 3.8 aee.
L-11" 1 bko My,7 0,248 O.Bu7 15, 39.0 0.186
L-15* 15 3% k2.8  0.27% O, W41 28.9 63.0 0.140
L-20" 20 230 k.6 0.296 0.819 57.3 142 0.02%

¢ Rate of penedratioa of castor oil in mile per sec. at a depth of 2 mils,
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TABLR XXIV
PHYSIOCAL DATA FOR FILLKR RUN EO. 2

Stookt Vest coast bleached sulfite beaten to 390 ce. S.-H.
Filler: Cameline ¥hising--958.50% CaC0y, 99.75% through 325 mesh

Basis Tuees 1.P.0.
Sample wh.lbe c.oo, Burss, Gurley osl oll
identi~ 2%xMO~= in sheet, pointe Tear porosity, penetra= pensire-
fleasion _%00 3 per_1b. fastor _ses. tion sion®
1~0% h5.7 0 0.9 1.21 164 hoo 0.024
1=~5% hs.3 5.7 0.7 1,23 14§ 132 0. ogg
1~20% 50.3 10.5 0.76% .21 127 263 0.
I~80% 60, 32.2 0.54 1.20 53 106 0.12%

1-312% 133.9 193. 0.110 0.6% 12.6 671 ——

* Rate of penstration of castor oil in mils per sec. at a depth of 2 mils.

TABLE XXV
PHYSICAL DATA FOR SIZING RUN XO. 2

Stoak: YWes$ coast bleashed sulfite Daaten %6 0O ec. 8.-R.

Siget Starch sisze ~— 25 g. tapiooca starch mixed wish HOO ec. water,
temperature Wrought up $o 909 O. with direct stean in 30 min.,
naintained at 90° C, for 15 min.

Mll Faess I.P.G.
Sample Size wi.ld. Burss, Gurley ofl oil

ldenti- added, 25xli0-~ points Tear porosity, penetra- nenetra-
eation _ % 500 per 1b. faglor _see. Slon Sen®
1~0% 0 .7 0.800 1.1 140 0.021%
1~2% 2 Wl 1.0 1.16 183 g?s 0.12%
1-ug N 5.0 1.06  1.09 153 %09 0.0275
1~-8% g 52.0 1.0% 0.966 152 436 0.0378
'.It‘m - 55 05 00638 1015 1” 710 i

Wk
* Rate of nenetration of castor oil in nils per ses. at a depth of 2 mils.

*¢ Thig bateh of handsheods was siszed vith 4% rosin (305 free rosin) and
4% stareh, and the pK was adjusted %0 4.7 with alum.

These handsheets vere dried on the steam drier befors sessoning in
the humididy room.



DISCUSSIOR OF RXSULYS

In the $adles of Sadulated data, values have been given for
She alr permeadilisy, the oil permeadility, and the ratio of these twe
values for the varicus samples studied. In calewlating the wvalwe of
the ratio, She highest obvsarved valus of the oil permeadility has beeam
used. I% is %0 De noticed that in all cases, except for the moed per—
msable samples, a proncunsted deereass ia the oil permeadility cceurred
a8 suacessive neasurensnis wvere made and ofl was contimucusly foresd
Shrough the sample. (1% s, of sourse, necessary to release the mnm
driving $he }nn Shyough the sheet detwesn successive measurenents in
order %o replenish the oil in the capillary Wald from the oil supply.)
In thesa oases, the firet obuml'valu of the oil permeadility was
{nvariably tShe highest ene and was $he one used in caloulating the ratio
of air %0 ;11 permeability.

As a result of she many observations made during the course
of the investigation, 1% may De stated that ths decreanse in oil per-
meability, evea in the case orf i..ose samples showing this effect in
the mest pronocunced degres, oecurs enly whea oil is flowing through
Ahe sheet. That is, vhen samples are removed from the instrumeni and
alloved $o stand for various lengths of time, no further decrease in

eil permeadility ococurs.

Yuarthermore, in regard to this characteristic decrease in

oil permeadilitsy as succeseive oil vermeabilisy neasurements are made,
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4% has deen impossidle evea in the long continued series of tests
shown in Table IX to debest any leveling off of the value of the oil
permeability which would lead ene te believe that it was approaching
s oonsSant wvalue.

The firss oil permeabilisy measurenenis vere made vith castor
oll on three different commercial samplest (1) s mimeo sheet; (2) an
{nexpensive bond sheet, *White Yelley Bond"; and (3) VWhatman's filter
paper no. 50. The data are shown in Tadles I, II, and III. The impor-.
Sead points here are Shat there is o definite relationship betwesn oil
and alr permeadility and that the oil permesdility of She bond sheed
dsoreases as oll is contimously foreed through i$. A possidle explana-
tion of this anomalous dehavier is that oxidation of She eastor oil vas
ccourring and a fils of oxidised and more viscous oil vas deing formed
on the surface of the uptllo.ﬂn within she sheet, S$hus reduoing the
apparent permeadility of the sheet. Aseordingly, i3 was decided to
shange from castor oil and recalidrate the imstrumeat on a mineral oil
having greater l‘tabuity towards oxidation. A hnv mineral oil,
(Valveline SAE 50) was chosen. ‘

Witk this mineral oil the permeadility of the ™White Valley
Bond" aad of the Yhatmen's filter peper no. 50 vas again detSermined.
The 4atas are shown in Tadles IV and Y. The agreement of the walues
obbained with the mineral oll and with the eastor oil is excellend,
doth for the oil permeability and for the ratio of air %o oil permes
B1lity. The data shown in Tadle V(b)) were odlained at the very lov
driving pressure of 0.187 1b./sq.in., wvhich vas secured by making use
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of She pressure hesd of the oolwmm of oil alons (no external pressurs
spplied from the nitrogen eylinder). ¥e explasation oan be offered
for the rather high value fownd for the ratie of the air to oil per-
meability.

All subsequent measurements wers made with Yalvoline SAE 50,
exoeps as othervise moted.

Befors proosding to the resulss secured from the measurements
on handsheets 1% may be well $o stats briefly the possible sxplanations
for she obdserved charactsristic decrease in oil permeability as sucose~

sive oil vermeability measurements are made.

The Oxidation Theory: It is possible that the oil mey be
oxidised in flowing through the sheet and gradually build wp a fils
which asts effectively %o plug the shest structnre and lower $he per-

meadility.

1 By } Within the fibrous strushure of
the sheet thers are small fibvrils vhich may project outward from the
surface of the fiders imte the capillary spaces between the fiders. I8
is conceivable that the flow of oil through the sheet oould dreak off
some of these fibrils and thereby plug the capillary openings, causing
a rednstion {n permeadility. This theory is Supported by considerations
of viscosity relatiomships. Viscosity is usually defined by the equation
Z/S =(aWdx, vhere T 1s the force produsing shear over the area 8,

7 is the coefficlent of viscosity of the liquid, and 4y/dx is the velooity
gradient through the 1iquid. If this equation js applied to the case
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of fluid flov through a small eapillary we have M dy)/ax = (7B%p) /27 RL =
R P/2L, where R is the radius of the eapillary, L is 1ts length, and

P ia the pressure differential produsing flov. Therefers, the shearing
force exerted on unit area of the wall of the sapillary or on unit area
of a f1bril projecting therefrom is (74v)/&R ® RP/2L. The shearing foroe
for a given sapillary within the shee$ structure is ihus pmpoﬁioul

1) iho pressurs osusing fluid flow. Ia the case of the ué permeabllity
measurements this pressurs is about 10 on. of kerosene or 0.115 1b./sq.in.
In the osse of the oil permeadility measurements, this pressure may be
anyvhere from 10 %0 100 1b,/sq.in. Consequently, the drag forses jend~
ing to bresk off any given fibril are roughly from 100 to 1000 times as
groat when 0il permeadility measurements ars mads as vhen air per-
meability measurements are made. If the dreaking off of fibrils and
consequent plugsing of the sheet strusture is astually the eause of

the odserved decrease in permeability, then $his effest wonld be expeoted,
in ascordance with the above considerations, $o be much more proncunesd
in the 01l permeadility measurements than im the air permeadility measure-
ments. This is in accordanse with the experimental facts (no decresse

in (), has Been obeerved; the decrease in i, between successive measure-
monts is considerabdle in many osses).

The Filtragien Theory! B5ince the oil is a mixture of
hydrocarbons of different molecular sises, it is pousidle that sonme

fraction might be filtered ous by the shee$ and thus plug $he porous
strusture. This same reasoning would held true if there wers minmute

s0lid narticles present in the ofl.
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84 Potent t If a poSential &ifferenve
betvesn She upper and lover surfaces of the sheet is produced by the
flow of oil, then Ahis potentisl difference would Send $o resard the
rate of flov and thus cause a decrease in the permeabdility.

fhe data for Beater Run JNo. 1 have been shown in Table ¥I
and require me commenss] the phkysical éata whish further characterise
these sheets are shown in Table XIX.

The air and oil permeability data for Beater Run No. 2
sppear in Tadle VII, and the physiocal dats are im Tadle XX. 7The followe

ing sunmmery may aid at Shis point

Sample

1denti~ 1

m /u. X m) 8q. Gl /a-_n x 10 3 4. oM. /6(‘[//“
L5t 13380 9200 1.4
1~10 12a8 €% 1.52
1-15% 220 138 1.59
1=20* 2.0 ' 12.0 1.7%
I=-2%" h.51 1.86 2.58

The air permeability range observed in this group of ssmples is aboud

1 %0 3000. Nrom these data 1t is of ooﬁru obrious that the samples
ray Do ranked in the same order by the alir permeadility data as My

the oil permeadility data. JFrom the 0il permeabdility data of Tadle

YII 4% may De cenelwded that, as the permeadility of She sheet {s
redused Wy beating, the characteristic drop in eil permeadility betveen
suecessive measureasnts bVecomes moye and more pronounced. The values
for She ratio of air permsability to oil permeability show that this
ratic is not a $rue constant, dut that it i{noreases with decreasing
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permeability. The rats of inorease of this ratic aleo seems $0 lncreass

rather sharply with decreesing permeabdility--vis., 1.59, 1.75, 2.58.

The effect of petroleam ether extraction on air and oil per-
maability measurements is shown in Tabdle VIII. %That netrcleum ether
extrastion produced no appreciable changs in the physieal struscture of
$he sample was shown by the fact that only a very slight change was
produced in the air permeabilisy vhen the sample was 2llowed to stend
under pelroleun ether for long pericds of time. This sample showed a
rather prenounced dssrease in oil nermeadility as successive measure~
nents were made. Vashing wvith petroleur sther completely remeved the
oil from the sample and restored both i%s alr and oil permeadilities
almost sxaotly to their originzl veluse. The petroleum-ether-washed
sheet exhibited, Just as before, the characteristic decrease in oll
porreabdility as suscessive measurements were mande. These data do nod
suppor$ the previously proposed fibril breakage theory for, if the
dscreass in 04l permeability is dus $o plugging of the sheet structure
by fibrillar debris, it is difficult 30 understand how such debdbris
could be completely vashed cut of the sheet strusture by the rathey
gentle washings with petroleum ether. On the other hand, any or all
of the other three theories might be supperted by these results.

The data for the effest of reversal of direction of flow on
oil permeabdility are shown in Table IX. Yor a sample wvhich showed a
pronounsed decrease in oll nermeability detween succeszsive measure~
nenks, the affeet of inversion of tha sheet so as to reverse the

direotion of flow, was to ocnuse tha oil nermeability to returm almoss,
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bus not quite, %o its original wvalue. ZThese results do not support

the streaming potential theery for, if a poteatial wers bailt up

asross the sheed due to the flow of oil, 1t would be exjyected shad

this potential would aid the flov of ofl irmediately after inversion
of the sample and thms cause the observed oil permeability o be higher
than the original valuse-in faob, e much higher than the original
value a8 the permeadility just prior to inversion was lowesr Shan the ‘
original valwa. Nor do these results fall ia line with she oxidation
theory, for it is inoconceivable that the reversal of the direetion of
flow oould cause the almoss complete removal of a film of oxidiyed and
more visoous oil from the capillary openings. On the other hand, these
data agree with what would be expeeted either from the f1dril breaksge

theory or the filtration theory.

During the ssries of measuremenss shown in Table IX the
refractive index of the oil was dotermined both before and after passage
through the shees. It was impossible to detecs even ths slightest
change {n the refrastive tndex due to passage through the sheed. It
vas also impossidle to detect any end value or leveling off of the
characteristia desrease in oll vermeadbilisy with successive nmeagure~

nenis, even after the series of long-continued measursments on Yhe same

sampls.

Without recalibtration of the instrumens, a mineral oil ecalled
"Bayod", from which the unsaturates had bdeen remcved im the refining
rrocess, was substituled for Valvoline SAK 50. The visocosity of the
011 was not deteramined, but it was very much less than thot of
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Yalvolins SAE 50. Again, in these teste, the characteristic dscrease
in o1l permeability with successive measuremenis was observed, although
nod for sxsctly the same samples nor in exastly the same degree as for
Yalvoline SAE 50. Since the "Baysj" is not easily oxidized, these
results $hrowv consideradle doudbd on ths exidation theory.

The results of Mller Bun Ne. 1 appear in Table XI, and the
physieal data are in Table XXI, The following sumsary may bs helpful:

Sample

fdenti~ 11

floavton A x10 sq. om. Al x)0M sa. em.  Lly
1~0% 2.03 1.24 1.63
1~5% 2.2 1.31 1.69
1~20% 3.62 2.28 1.59
1~80% 3.97 2.38 1.%
1~2n% 5.99 3.2 1.

The effest of clay filler is, thus %o increase the permeadilisy of the
sheet, but large MIa of clay are required %o produce a signifi-
eant change. It is obvious that these samples w v ranked in
exectly the same order by air permeability messurements as by oil
permeability measurements. The values obtained for the ratic of air
$0 0l permeadbility seem $o be fairly constan$, except for the most
permeabls sheet where the valune is a bi% high.

The alr and oil permeabilisy fata fos Sixing Run Ke. )L appear
ia Table XII, and the physical data are in Table XXII. %he following

sunnary is of interest!:

Sample

{denti~-

Lieation X 1012 fg. oM. Ao x mu pa. ome Al
1~0% 2.4 1.34 1.60
1=1% 2.4 1.56 1.54
1~2% 2.5% 1.69 1.50
L=kt 3.55 2.31 1.5%
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The effect of rosin sisze, tharefore, was to incresss slightly both
she air and oll ypermeabilities. The ratio of the air to oil per-
neability seema $c¢ be independent of the awount of rosin sise in the
sheets. These samples may be ranked in exactly the same order by alr

permeadility measuremenis as by oil permesbility messurements.

The air and oil permeadilisy data for Bester Eun lo. 3 are
shown in Table XIII, and she physical data are in Table XXIII. The

following summary is helpful!

Sample

f4enti~

fication A x 101! 4q. om.  Adp x ]‘Qu mg. oM, AN
1-2% 91.0 61.7 1.
1~6" L5,.2 3.0 1.u2
I-11" 18.0 11.7 1.5%
I~15" 3.66 5.8 1.65
L"EO“ 022 2.’50 1.76

" Here, the pulp was & hardwood dlesched krafé. Again, the samples fall
in axactly the same order by alr permeadilily meazsurements azs by oll
permeadility measurements. JFrom the oil vermeadility data of Table
XI1I, 4t may be oonsluded that, as the permeadility of the sheet is
redused by beating, the charasteristic drop in oil permeability betwveen
successive neasurements becomss more and mors pronounced. The valuss
for the ratic of air permeabilisy $o oil permeability show tha$ this
ratio is not a true constant, but that 1t increases vith decreasing

permeadlility.

The air and oil permeebility data for Filler Run No. 2 are
shown in Table XIV, and the physieal data are in Table XXIV. The
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folloving is a summery!t

Sample

{denti-

floatien A\ x Qla 8g. gm, g X 1032 uq. om. Al
1~0% 9.31 5.8 1.60
1~5% 10.8 T.22 1.5
1-20% 17.7 11.0 1.61
1~80% 47.3 29.%4 1.61
1~3124% 420, 2%9. 1.62

Yie filler vas caloiun carbonate, which, it may be seen, incresses
the rermesbility of She sheet to a much greater exteant than does the
clay of FMller Run ¥o. 1. These sheets nay be ranked in exmotly the
sane order by alr permeability measuresents as by oil permeadilisy

meaguremsnts .

The data for the effest of antioxidant on oil permeabdility
measuresents have besn shown {n Table XV. In view of the results
shown here and those of Table X the oxidation theory for the explana-
$ion of the characteristic decrease in oil permeshility between

sucoessive measurements must be discarded antirely.

The air and oil permeability data for Sising Rum XNo. 2 are
shown in Table XVI, and the physical data are in Table XXV. The follow-

ing summary is of interest!

Sample

identi~

fieatig /{‘ X &12 8. QR /”. p 3 lnlz 9. ON. /L(ﬁkh
1=0%8 8.9 a.os 1.77
1~243 7.08 .00 1.1
IP% lgoa 6- i'gg
b . L [ ] .
1-hgs Yin 8.13 3.96 1.64
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The data shov no definite trend, so it is impossible te drav oconslusions
as $0 the affect of starch on air and oll permeadility. The samples
may be ranked in the same order By air permeability values as by oil

permeabllity values with dus one exseption.

A study of the filtration effect has been made, using three
sheets of “White Valley Bond". The data are shown in Table XVIl. First,
the air pormeadilities of the Shree samples were neasured. Thea they
vere placed {n series in the air permeadility instrument with sample (a)
on top, (B) in the middle, and (g) on She Bottom. OLl permeability
measurements were made until the permeabilisy of the composite sample
had MM considerabdly. Then, the three sheets were taken out of
She instrument and their oil permeabilities determined separately. FThe
air to oil permeability ratios were calculated. These values were for
(2) 1,79 () 1.72; () 1.68. The fast that the sheet on top shoved
the greatest value for this rasio indicates shat its oll permeadility
had suffered the greatest decrease. This is in direct support of the
f£11tration theory. That these three samples had originally the same
valuss for she air %o oil permeabilisy ratios was shown by subsequently
extracting them with petroleum ether $o remove the oil and then redeter-

mining $his ratio.

The effect of distillation of the Valvoline SAE 50 on oil
permeabdility measuremenss hze been shown by the dsta ia Tadle XVIII.
The distilled oil had & considerably lower viecosity than the original,
but {ts viscosity was not aotornincd. Permeability measurements made
with this oil showed the characteristic decreass Detween successive
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measurements, bus not to the same degree as did the neasurements pre-

viously made wvith the original oil on » similar samole (Table VII (f)).
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CONCLUSIOBS

0Of the many handshests tested in this werk and which repre-
sent the effect of type of mulp, degree of beating, Sype and amount of
filler, and type and degres of eising, all (with bud a single excention)
may bs ranked within their individusl groups in exactly the same order

by air as by oil permeability measurements.

The oil nermesbility measurements have brought to light the
fact that moat sheets of paper exhibit the phenomenon of decressing
permeability as oil is continuously forced %o flow shrough any one
sample. This characteristic decrease in oil nermeability as suocessive
neasurements are made is bdarely detectabls, if present as all, in the
most vermeable samples, dut it decomes more and more pronounced as the
permeadility of the sampls is decreased. Furthermors, this effeet 1s
connscted in wome manner with the viseosity of the fluid, for in those
cases in which oils of lover viscosity ("Bayol! and distilled Valvoline
JAE 50) were used, ths same degree of decrease in oil permeability
with successive measurements could be observed only for ssmples of

relatively much lower permeability.

The air permeability of paper is & true constant, exhibiting
no change as air is continuously sucked through a given sample.

The ratic of alir permeability to oll permeability is not a
frue conetsn$, but for most of the sheets examined its value lay betvween
1.4 and 1.7. The dats for Beeter Runs RNo. 2 and No. 3 are the nrinciple



exceptions %o this generalisation. Here, the ratio of alr %o oil per-
meability increases with deorsasing permeadility, and rather sharply so

for the samples of least permeadility.

The only data $o be found in the literaturs for permeabilitsy
measurenents on the sams sample with both liquids and gases are those
given by Muskat (B1). Thewe resul$s show excellen$ sgreement betvesn
permeabilities obtained from liquid flov and from alr flov measuresments
on sandstones. The permeability range was around 1.5 x 10"6 8q. CR.,
or about a thousand times Shat of the most permeadle sheetn investigated
in this vork. The samples Sested in this investigation lie in & per~
meability range which has been heresofore almost entirely unexplored by

liquid flow measurements.

It is entirely possidle that the oils used in this work for
permeability messuremants might have a molecular structure consisting
not of single molescules alene Yut also of groups of assooiated molecules.
In making viseceity measurements by ordinary means, such as the falling
Ball method, i$ is likely that none of these associated nolecules are
brokea down and that the coefficient of viscosity thue determined has
%0 do enly with shear between molecular groups. ¥hen such an oil i»
used for permeability measuresments on paper, it ia nrodable that some
of the molecular groups may de too large $o pass unshanged through the
poras of the sheet. These molecular groups must first be broken down
into smaller units and work would be required to accomplish this. The
energy lost in breaking down these molecular units wounld nako. the

viscosity of the o1l under these oonditions higher than the viscosity
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obtained by ordinary methods and would cause the apparent permeability
of the sample $0 be lower than its Srue permeadilisy, leading %o a
value greater than ons for the air to oil permeability ratio as sotually
was found %o be the case. Jurthermore, when the permeability of the
shest is redused enormously by beating, as in the actual experiments,
the ratic of the muwber of very small pores to the number of larger
pores present in the sheet structurs must inoreass comslderably. In
such & sheet a greater energy less would cocur, resulting in an even
lower value of the apparent oil permeability and a correspondingly
higher value of the air to oi)l permeadility ratio. The axperimental

results are in acoordanse with such a line of resasoning.

The lack of scientific knovwledge regarding the molecular
structurs of liquids and the fundawental concepts of liquid viscosity
i1s truly startliag. To quote from a well known work (43 == it
mey be said that many arguments have been drought Sogether %o support
the viev that reglonal séructures of & temporary character are present
in liquids and that these groups possess a esrtain rizidisy, which,
hovever, is constantly counteracted by the 'melting down' of the groups.
The prodlem, howsver. of what aetnually happens in these groups during
a process of shearing motion still remeains somewhat vague! ve nmay
sither assume, with Andrade, that the primary effect iw the Sranafer
of momentum a$ 'favouradle' collisions, or we may suppose that the
sheering stress produces an elastic defornation of the groups, which
is counteracted by a relaxation vhenomenom, connected with the decay

and growth of the grouns. Which of the two processes is the wore.
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important may depend uwpon the nature of the liquid."

The present investigation has served mersly $o dreak the
ground in the very fertile and relatively virgin field of ligquid per-
veability measurements on media of low parmeability. It is entirely
possible that further investigation of liquid permeability mesasurements
on such media as the lovly sheet of paper might serve So clarify the

present conception of the molecular structure of liguids. |

Mention has mot previcusly deen made of the interesting
phenomenon known as "slippage”. That slippege may odeur when gases
flov Shrough capillaries is & vell-known fasct, particularly when the
radius of the capillary is of the order of magnitude of the mean free
path of the gas moleeules. Carson (7) found that a decrsase in the
total pressure at which air permeability measurements were made crused
an increase in the rate of alr flow through the paper due to slippage.
In & later vork (8) he made use of this phenomenon %o determine pore

gsises in his samples.
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SUIMARY

An instruzent has been designed, construsied, and calidrated
which is capable of measuring the oil perasabilisy of paper over a
wide range of nermeadilities.

An air permeability instrument similar so that of Carsoa (6)
has been constructed and oxlidbrated by a procedure which eliminates

an error that Carson allowed to enter his work.

These two instruments vere used to study the alr and oil per-

meabilitien of 1dentiocal areas of various papers.

The Darcy equation has besn used for caleculating the per
neability velues in fundamental C. G. S. unitds.

The samples tested included various commercial papsrs as well

a8 a wide rangs of types of handshests.

The effect of the following variables on air and oil per-
meability measuremgnts was determined! $ype of pulp, degree of veating,
$Sype and amount of filler, and dype and degree of sising. Beating
desreases both the air and oil permeadility. Both olay and caleium
carbonate fillers increase both the air and oil permeabilisy. Rootn'
sise also increases doth the air and oil permeabdility. Stareh size

vroduced no observable trend.

Termeability measurements with several different oils on
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the same vaper gave concordany values of the oll rermeability.

0f the many handshests tested, all, with but a single exoep~
tion, may be ranked within thelr individual groups in exactly the saeme

order by air as well as by oil vermeability measuremenis.

The oil nermeability wmensurements have brought to light the
fact that moat sheets of paper exhibit the phenomenon of decreasing
permeability as ofl is continuously forced to flow through any one
sample. This charsoteristic decrsase in oll perxeability as succesaive
measurenents are made becomes more and rmore pronounced ag the per—

meability of the sample is decreased.

The alr yermeability of paper is a true constant, exhibiting

no change as air is contimmously sucked through a given sample.

The rasio of alir nermeability to oll permeadility is not a
true constant, but for most of the sheets exaxined ites value lay bdetveen

1.4 and 1.7.
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