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FORE~ORD

This is one of a series of reports in the general field of wool-type
fabrics and alternates to conserve wool, with special reference to the
physical features by which clothing structures contribute to the protection
and effectiveness of the soldier.

This report was prepared under Contract No. DA 19-129-QM71336, 0. I.
No. 9075, by Harris Research Laboratories in cooperation with members of
the Textile, Clothing and Footwear Division, Quartermaster Research and
Engineering Command, U. S. Army, Natick, Massachusetts. It was presented
on 17 May 1960 at the Conference on Blend Fabrics, held at Natick under
the sponsorship of the Committee on Textile Fabrics of the National
Academy of Sciences--National Research Council Advisory Board on Nuarter-
master Research and Development.

The contract, entitled "Investigation of Properties of Synthetic
Fibers in Blends with #ool," was initiated under Project No. 7-93-18-0204;
Development of Alternate Fabrics to Conserve Wool, Task: Development of
Principles to Improve the Insulating Characleristics and "Comfort" of
Textile Fabric Combinations, and was administered under the direction of
the Textile, Clothing and Footwear Division, Quartermaster Research and
Engineering Command, with Mr. Constantin J. Monepo acting as project leader.

This material is Contractor's Report No. 34 in this series, covering
the fourth and final quarter of the contract, ending 11 December 1959,
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ABSTRACT

Wool-type fabrics have special combinaticns of feztures arising
from the chemical properties of wool (high water adsorbin: canacity
and low flammability) end also special iechanical properties of
elasticity and long-range stretch that are in part cherical, besed on
their polyseric structure. The distinctive structural feature of wool
in fabric form is a randomness -~f arrangement of the individual fibers.
This randomness is fcund particularly in woolens, where cxtensive fiber
rearran;enent is preduced in fulling, but it is also found in worsteds,
which have the most regular arrangesent of fibers of any wool fabric,
‘'owever, blending wool w.ith other fibers, esrecially in wors.ed fabrics,
usually reduces the rendorness of fiber arrangerent, This may be
desirable for summer clotl.ing but it is not desirable for cold weather
use. In woolens, wcol-tyve characteristics can be .iore ccn-letely
retained by design Lo promote fulling.

With respecl to the relstion of clothing to the ~hysiology cf hreat
balance, the relatively sreater thickness znd lower density ~f wool-type
structures tend to conserve hent and reduce vicirin; and the accurmlation
of moisture., *owever, the nigh regain of wool tends to incrrase the
accwnulation of moisture :znd Lo snread the time required for chanyes due
to moisture passage.

A test system has been devel-ped which shows the imnediate and de-
layed effects of the stert of sweating in ~r<viously dry clotiring., There
are interesting clothing nossibilities if z weool-type structure can be
ccmbined uith low moisture adscrption and retention,
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INFLUENCE CF RLENDING Cd FRCPERTIES CF WOCL-TYPE FARNICS

1. The Problen:

Ihe fabric prorerties ccnsidered here are selected cnes which are re-
lated tc the military use of clothing. First, we shall need to look closely
at a number of very familiar properties to find the underlying principles.
The scientific studv of clothing suffers from certain handicaps: we are too
familiar with clothing; or working solutions have been found fer .nost of
the civilian clothing rroblerms, Morecver, the huwran body is so adaptable
that it can "make do" witr a wide range of makeshift answers to clothing
nroblems and can even tclerate the whims of style and fashion or carry the
traditional clothing of one climate far intc another, However, to gain
naximum effectiveness from the large numbers of men in uniform, wearing
clothing that is furnishet tc them and .wandatory and that is not the result
of free choice or adartation as in civilian 1ife, e cust study the bssic
~rinciples of clcthing in order to get the best large-scale adaptation
rossible. In this we must keep in mind that the 1ife of the sol-ier exrosed
in the field is far more ruyged than that ~f & civilian znd tkat it centains
new or increased hazards and requirerments,

It may be helpful to consider our rroblem in terms of the relationship
between a 2-dimensional map or <rawing of a complex structure, and a 2-
dimensional model of the same structure, Froperties such as durability,
the fit of clothing and its adaptation to bedy motion, znd the protective
effects of clothing against fire, rain,and cold ~r hot environments, can
te crensidered as belenging to a use or rhysiological dimension of textiles
that is related tc two otker dimensions that are 7ore readily -“efined and
marped in technical terms, These tuwr technical dimensions sre the
structural and the chemical rroperties of textiles, 'we shall consider these
last twe dimensions (cr rerhars better, two grours of dimensions) first, and
shall return later to the third dimension (or group of dimensions) which
includes preperties in relation to use, or the effects of textiles as cloth-
ing, particularly in relation tc the ~reblems ol heat bslance and sweating,

2. Structural and Chemical Properties of wocl-type Fabrics:

a, Fabric and Fiber Characteristics:

Refore discussing the structural or rhysical properties of cloth-
ing, let us exarmine the meaning of "wool-twvpe" fabrics. 'we are all famil-
iar with wool fabrics and, in a2 jeneral way, with the differences between
wccl fabrics and fabrics made frem other fibers, whether or not we have
atlempted tc really think about thrse differences and put them in words.,
‘uite a few neople in the textile industry have tiried their hand at working
out the technical conditions contrclling the develorment of wool-type
characteristics for either blending or substitution. Fcwever, the effcrts
tc obtain fabrics suitable for the special clothing arrlications in which




wools are nrincipally used, by blending other fibers with wool or by sub-
stituting other fibers, have shown that we must have been taking much for
granted in making and using wool fabrics. lany effects normal to wool
rrove difficult to obtain even in blends, and are much more difficult to
obtain when wool is completely left out., To arrive at results comparable
to those obtained with wool in such a seemingly simple matter as fabric
thickness has rroved to be a surprisingly difficult problem. Fortunately
we are able to learn by blending or by substituting one fiber for another,
so that availability of new fibers with new combinations of properties has
"fed back" knowledge about the older, more familiar fibers and their
structure in fabrics, increasing our understanding of Iabric structure
for all firers, whether traditional or new,

In anticipation of evidence that will be rresented in more detail as
we go along, we may take a summary view of four related structural charac-
teristics of wool-tyre fabrics: relative thickness, relative hairiness,
relative fullness, and a generally random structural arrangesent of fibers.,

Fain Characteristics of "wool-tyre" Fsbrics

1. Thick and lofty: Low density

&S]

Hairy: Many fibers outside of the yarns
Low area of actual contact
Separation of layers

‘)

Fulling ability: Fibers can be made to migrate
Can develop surface cover (wool-plating)

L, Generally random structural arrangerent of fibers

Thickness correlstes directly with leftiness and inversely witnh density.
This means that a wool-tyne I=bric is relatively lofty, low in density, znd
righ in volume-per-unit-weight as compared with cqual welghts of other fabrics.

‘airiness of wool fabrics, with rany fibers outside the yarns--result-
ing in a low area of actual contact and a seraration cof layersrris a
rrorerty to wrich less attention has been given than it deserves, nossibly
because it "comes naturally" =nd thus is teken for granted. Iowever, in
blendin;; with wool, or when wool is renlaced by other fibers, even though
there is an attemnt to keeo all the structural characteristics constant,
there will very likel: be a decrease in hairiness.

T.~ fulling nower of wool fabrics of all tyves is resoonsible in
pvart for their hairiness, thickness, znd relatively low density. This is because,
in the wet mechanical action known as fulling or felting, the fibers are made to
migrate and to develop a rore or less surface cover (wool-plating) accompanied
by shrinkage of the fabric, In this fulling, the rather burlap-like asseubly of
yvarns as it comes off the loom is transformed into a cloth that tends to be an




assenbly of fibers rather than purely a structure of separate threads: the
cover and fullness arise from the fiber siructure between znd outside the
yarns, In worsteds, in which the fibers are relztively regularly arranped
in the yarns, the fulling effect .esired znd obtained is less extonsive
than it is in woolens. Wcolens are "made" in the fulling mill, but even
with worsteds the fulling stage of finishing rroduces a desirable change

in the structure of the fabric 2s it leaves the loom,

In peneral, the main structural features of wool-tyrve fabrics may he
surmedi up as resulting rrom a relatively rendon arranpe-ent of fibzrg nith
regrect to the Iirection of the yarn ~nd 1o the -lene of the Usbhric, 3e-
cause this randomness of structural arrangement can in principle aorly
also to fibers other than w»ol, the ciief means of i-rr-ving the wool-tyn
oroperties of blends are those wnich increase the randomness ~f the nen-
wool fibers by, for example, aiding crimp.

Handomness of arrangerent of structure is different from the r-ndom-
ness cf Tirer distribution along yarns and across cross sections that is
cf concern in discussions of evenness of blending., The randomness of
structure involved in wcol-t:pe fabrics rrlers to the -diroction in wrich
the fiters or elements of fiver length are oriented. ‘icwever, more randcn
fiber istrioution in the sense of even blenling may -lso c.ntribute to
rzndamness of direction or corientation, if one cr rmore of the kinds of
fiters wnich are ceing blended iiffer in the tendency; tcward randemness cf
direction, 2s is usually the case,*

an 1llustration cf cne aspect of randemness -f structure 1s shown in
3 ntudy <f the relative mairiness +f three serge fabrics (1), Surface :ro-
2iles were t-ken by folding each fabric al 45 decrees to the warn and fill-
iny., The rost nairy surlace was found Lo be that o an zll-wcol serge; ,
intermedizle in hziriness was the surface of a fabric with 50 -ercent =ocl/
&C rercent acrylic [iber; the least hairy was the surface c¢f a 100 percent
acrylic serye. ‘We shall return to other me~thods of measuring hairiness and
other examrles of the significance of this tyre of randcmness a2s we rrocaed.

* In tnis rresentation, we usually use data obtained from fabrics, considering
the combined effects of rzndomness of fiber arrangesent both within and out-
side of yarns. ». J. Coplan, in the first raper cf this conference, and in
the series, "A Study of Blended Voclen Structures," Parts I through V and
centinuing, in the Textile Research Jecurnal, has demonstrated differences
between wcol and other finers in detailed arrange-ent within the yarns.
Trese differences include lower censity of vacking for yarns containing
wool and are related to the randomness of structure discussed here.




wrile we have noted tiat fairiness »nd other srecial Teatures of wool-type
fabrics arise from the relative rondomness of fiber arrangeresnt, we should add
‘ere Lhat some srecial fentures of wool fabrics are notl structural alene but
rre srecific to the weool fiber and its chemistr;, The following tabulaticn lists
a nusbor of cherical as we!l as structural fiber prorerties in which the range
¢f values charncteristic of woel is differenl frcr. the range normal to other
fibers unless rpecial :icans hove been taken te ~chieve - range sirilar to wool.
Indved, any of the rurely structural features of wool fibers can he Juplicated
in other fibers; thus, many -ran-anade fibers are now svail-tle with more or less
~opmanent crimp and in varyring diareters and lengths. In wucol yarns, of course
ne always gels an asscrted range of fiber ILuwcLﬂrd and ’ﬂnths 20N Foffman
(7) was ~ne of the first to reccpaize the value of varying fiber sizes in
~elucing the closenrcs of rocking -nd iacreasing the lcftinecs <f fabrics
-rcluced Trem man-raie fibers,

Fiter Characteristics Which Can ‘e "Wool-Twpe"
Crimn relting Long-range el=sticity
arving leng th Rerain Crimp resistance to small strain

Uriag dismeter Turning Characteristics  Yielding to lirge strain

Loue of tha rrorerties trbulated aicve have not, 2zt least not vet, been
~ade avallalle in anan-male fibers. Feltin( arprars to ¢ unique prorerty
I col an? 2f 3 Tew ~ther -nim-l fiters. From analysis of what harpens when
avsn.es 2re Lale in woel fiters (5}, Le.tlng z rears L. “erend on a combinatlon
~0 sovertl orroperties, aiong wiich the ost inrertznt are dirccticnal friction

ifTerence =s well as leag-rance stretch and reccvery (elasticity,; of the wzeol

el )
fibter, hile it has e-pezrei to nany students of wcel thst one phycical
Farazteristic (the overlarring ucale structure of the fiber surface) cculd by
‘ratchet actica" account for iie directicnal friction diflerence, it is by nc
~22ns certain that this Is the wnole story, for some have postulzted that
frictional ’ifference 15 based cn the molecular arrangerent or chesicel

stricture of the fiber,

4
[
be

In contrast to felting, cring, range of diameter, and range of len;th
are ~urel; structural prorerties that have been rrovided in man-made fibers,
cften in types especially recrmrended for blending with wcol, EHowever, in
a7dition to felting, certzin otrer rrererties are relatively srecial to
»0o0l, and are related in varying degrees to the chemical nature of the fiber,
[hese chrerically-based pnysical properties include long-ranre elasticity, and
crimp resistance to small strain with vielding to larye strain (6, 7). Tre
re;ain, or water adsorbed witnin the fiber substance, is a "chemical" charzc-
teristic that is higher for wool than for any other fibers excert the re-
cenerzted cellulose reyons, which are similar to wool in water ccntent,

Tkis "regain" property will be considered further in connection with the

¢l




influence of clothing on the heat balance of the body. The burning
characteristics of wool in fabric form are typically a low flamma-
bility and a relatively high resistance to burning, with a desirable
char structure and no melting, This "chemical" property has in the
past been of greater importance to the military than to civilians, but
it can certainly be of importance to everyone,

The elastic properties of wcol fibers, although pointed out as part
of the "wool-type" picture, will not be discussed at this time since
they have been the subject of extensive study by many workers, including
Dr. Walter Hamburger,}M.J.\Coplan, and their associates,in a series of
papers on the "Mechanics ‘of Elastic Performance of Textile Materials"
(4, 5). The factor of initial crispness with yield to larger strains,
which has been particularly developed under the ccncept of "compliance
ratio" by Hoffman (6) and Hoffman and Beste (7), is uniquely developed
in certain natural and man-made protein fibers, of which wool is the
classic natural-fiber example., This would be of importance in dis-
cussions of fit and adaptation to action in clothing, but it cannot be
taken up further in the present discussion.

b, Surface Characteristics:

In a systematic study of knit underwear fabrics, tock, Sookne,
and Harris have illustrated the influence of blending on surface
characteristics (8). The hairiness and low area of actual ccntact char-
acteristic of wool are demonstrated by the print made on water-sen-
sitive paper by swatches of moist fabrics. The swatch of 100 percent
cotton makes the darkest orint, showing the greatest contact. Less
coentact is shown for 25 rercent wool/75 percent cotton, and still less
for 50 percent wool/50 percent cotton. In the series studied, the ma jor
effect of ccntact was accomplished at the 50/50 level, with relatively
little further change at higher wool content.

The contact effect was measured in several ways, including subjective
impressions of chill when swatches of moist underwear were applied to the
skin, and objective measures of changes in temperature when the moist
fabric was aprlied tc a surface which was initially in heat-flow balance
at 37.5°C. As shown in Figure 1 (on page 6), the temperature of the
surface first drops, due to increased heat flow to the moist fabric, then
returns to a new steady state at a lower temperature than that without
the fabric, In general, there is less initial chill and a higher steady-
state temperature with the higher percentage of wool content, This is
interpreted as an example of how differences in extent of contact result
in corresponding differences in the rate of heat flow from a warm surface
te the underwear.

It should be nointed out that there are many artitr:ry features in a
laboratory study such as this. Although the results derend on the level of
moisture content, similar temperature sequences after contact (though through
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a smaller temperature range) were observed with dry fabrics by Rees in
1941 (9). Also, by reducing the heat capacity of the heat source and

by insulating it well so that the main route of heat loss would be through
the surface fibers of a fabric, Hollies, Bogaty, Hintermaier, and HKarris
were able to show the effects of number, length, and kind of surface
fibers (10). These tests are familiarly known within the laborztory as
"hot-penny" tests, from the size of the insulated piece of metal. (Lest
any Sritish friend misunderstand, "hot farthing" would be wnore precise,
because the piece of copper was quite a bit smaller than even an
American cent.) The heat-transfer-through-surface-fiber effects obtained
by the "hot-penny" tests were verified by means of models made with coarse
monofils. Similar relationships to number and length of fibers per unit
area of surface can be worked out for conventional fabrics by thickness
and rressure relationships (11) or by counting the number of fibers and
their length from fabric-edge orofiles. A simple, overall relationship
that incr=ases with the increasing effectiveness of a hairy surface as

an insulator is ;iven by the half-time for cooling in "hot-penny" tests,
The half-time {cr ccoling is the time required for the small coprer disc,
well insulated except for one surface that is in contact with the fabric
(or, rather, with the surface fibers of the test fabric), to cool half-
way from its initial tenperature to room temperature. Like the half-life
of radioactive materials, the half-time for cooling vaiies inversely with
the rate of change, in this case with the rate of heat transfer through

tne surface fibers,

Tatcle T shows results of the "not-penny" test as arrplied to some
xnown textile structures and tc some blends (10). lhe shearing of an
all-wool serge, which is known to shorten the surface fibers (this has
been verified by edyze rrofiles), also shortens the cooling time, i.e.,
increases the ccoling rate. A blended serge with only £0 percent wcel,
and a 100 rercent nylon fabric of similar construction, both shovw shorter
half-times, i.e., faster rates of cooling through their surface fibers,
than the all-worl. Going further, differences are shown between two
twill lining febrics, one a spun staple viscose, the other a filament
viscose, in the direction ¢f even more rarid heat transfer for the
filament fzbric, corresronding tc the relative "cool feel" of the filament
fabric on contact with the skin. A clessic example of this difference of
contact sensation of warmth is the cool feel of linen compared with cotten
or cther short-stacle fabrics: the cool feel of linen can be attributed to
the smoothness or low hairiness of its surface.




TABLE I

RATE CF CCOLING CF SEVERAL TYPES CF FABRIC SURFACE

HALF-TIME

FABRIC FOR CCOLING*

“(seconds)
All-wool serge 78
All-wool serge, sheared 68
Blend serge, 50% wool 63
All-nylon serge Ll
Spun staple viscose twill lining 37
Filament viscose twill lining 31

* Time required to cool halfway from initial
temperature to room temperature

Data from Hollies, Bogaty, Hintermaier, and
Karris, 1953 (10).

The changes of surface hairiness in blending are shown further in
Table II, which shows three series of serge fabrics (12), each series
with increasing arounts of acrylic or modified acrylic fiber. There is
relatively little change or increase between the cooling times of the
70 and 85 percent wool blends,but at the 50 rercent level a decrease in
cooling time 1s evident and with zero rercent wool the cooling time is
rmuch shorter, indicating a marked difference of surface structure.

TA3LE II
EFFECT CF HATRINESS, AS SHCWN 3Y HALF-TIME

FCR COCLING, FRCM 3LENDING ACRYLIC FISERS
A, 3, CR C WwITH %WCOL IN A SERGE FABRIC

WOOL HALF-TIME FOR CCOLING*
CONTENT  BLEND A SLEND 3 3LEND C
(%) (sec) (sec) (sec)
100 71 68 73
85 74 7l 72
70 76 65 70
50 71 58 69
0 53 L9 L9

* Time required to cool halfway from initial
temperature to room temperature

Data from Bogaty, Hollies, Hintermaier, and
Harris, 1953 (12).




c. Internal Structure Characteristics:

The basic randomness of fiber arrangement that is characteristic
of wool-type fabrics is evidenced by their internal structure as well as by
their surface hairiness., Thus the time required for water Lo rise 1 inch in
a vertical wick is longer (wicking is less free) with increased wool con-
tent or with physical treatments which increase the randomness of the fibers

within the yarns (12, 13).

Another rrcperty related to internal structure is thermal conduc-
tivity through the comnlete fabric. Speakman and Chamberlain in 1930 (14)
showed small but definite differences in the thermal conductivity of
different fibers both in the form of packed assemblies of loose fibers and
in fabric form. Thermal conductivity Jenends mainly upon thickness but,
if put on a unit-thickness basis, it derends secondarily on the kind of
fibers and their physical arrangement. Bogaty, Hollies, and Harris (15)
have interpreted thermal conductance in terms of fiber arrangerent resoclved
into ccrpenents perpendicular to or rara.lel Lo the fabric surface. They
have fcund that wool-tyre fabrics differ from other fabrics in their fiver
arrangement and in their thermal co-nductivity,

ihis difference is seen in the relation of thermal conductivity to
pressure, as shcwn in Figure 2 (on page 10), in which the thermal conduc-
tivity of various febrics, in terms of an equivalent thickness cf air, is
rlotted wren the fabric is compressed between two rlates at a range of
rressures, (ne can refer tc the original paper fecr a detailed interpre-
tation of the results in terms of fiber arrangerment., For the purpose of
this presentation, the relative constancy of conductivity of wcol fabrics,
and tne increase in ccnductivity of other fabrics (non-wool) with increased
rressure, points to a ccnsiderable difference in structure, a difference
wnich 1s mainly that of greater randomness of fiber arrangement in the

wool fabrics.

d. Retention of Wocl-tyoe Characteristics in B8lends:

Worsted labrics:  The thickness of fabrics at fairly low pressures
is a result of a combination of both surface and internal structure vrop-
erties. Cne of the main conclusions drawn from the earlier systematic trials
of blended serges (1, 12) is that in wool-type fabrics, density of fiber
substance has little influence on yarn density, effective yarn diameter, or
fabric thickness. Wwhen one uses finer nylon or acrylic yarns in-an attempt
to compensate for the lower density of fiber substance (about 1.15 grams/ c
compared with 1,30 for wool), one produces very much thinner and leaner yarns
and thinner and lighter fabrics. Increasing the texture (yarns per inch)
brings the weight of the fabric up somewhat but has little eifect on fabric
thickness, which is determined orimarily by the thickness of the yarns. The
fact is that the thickness and Lhe density of wool-type fabrics are
determined by the compactness or randomness of the fiber arrangement
and by the hairiness of the yarns rather than by the cross-sectional
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area of the fibers themselves. Thus the deiiberate use of finer yarns

made of fibers which lack  the vermanent thrre-dimensional crimp of wool

was, it was learned from the results, equivalent to taking not one but

two steps toward thinner fabrics. We can at least say, as so frequently

one must in the laboratory, ®Well, now we know what not to do!" Cn the
rositive side, we know that yarn size in wool-tyre yarns depends on fiber
crimp and on hairiness more than on fiber iensity or on the sum total of fiber
diameters in a cross section. It is, however, afiected by individual

fiber diameter or size, so that nigher denier wran-made fibers result in
increased rairiness, effective yarn diameter, and fabric tl.ickness.

In a mcere recent series of blended serge fabrics, rrepared as a joint
quartermaster—iir Force study (1¢, 17), the yarn sizes, textures, and
welpiits were more nearly the sare in the all-wool controls and in the varizus
plends. ¥Figure 3 (on pare 12) shows the relation petween tnickness and
weight for six nairs of wool plends with 15 and 30 percent of non-wocl fiber
of d4ilferent tyvres, Cne can see, f{rom the tuickness ¢f the all-wool ccntrol
(marked W) tnat four of the 15 percent blends nave a thickness that is equal
t2 cr greater than that cf the wecol ccatrsl, However, in all cases tre

3¢ rercent plend is lecs thick than the wool contrel.

The tendency to rrecduce thinner, less hairy fabrics by blending wecl
wit: man-made fibers can be an alvantace when thin fabrics are <desired, és
for summer wear, 2lending with nighestrength fiters rnelns in the sninning
of finer yarans, and the relatively s.ight elfect cf mcis.ure on the mechan-
ical *r****:ifs o low-regain man-made fibers is an aid tc arpearence. Tre
rresence of a2 substantial rercentage of wocl nelrs tc achieve tc a recogniz-
able degree tnose wool-tyre characteristics that are tased cn z relatively
rzndcn {iver arrzngerent, sven ihough these summer fzbrics may be mads on
wersted cr cctt:d-tdf, systems which emrhrasize regularity cof fioer zarrange-
ment. An extensive study <f szuch fabrics for Army suwimer unifzrns (12) has
crcught out the advantzyes of certzin blends for worsted-tyze fabrics for
sumrcer wear,

The conclusions reacneZ in studies cn the influence cf fiber tlending
on worsted fazrics (1, 1C.t-13, 15 to 18) can nearly 211 be exrressed in
terms of eitner the relative rt;wla“lty cr the rendomness of the [iber
arrangeient in the yarns anZ in the fzbric ciructures. Trese ccnclusicns
can be listed zs a s=rics <f points tc which the designer can sive zttention.
In the choice of fibers, these roints fcr design may be reduced to impreving
the wool-type characteristics by such means :s using relatively coarse deniers,
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a range of deniers, permanent crimp, and varying short lengths.*®* In addition,
there is the possibility of obtaining greater fabric thickness by selecting

the proper yarn twist, twist direction, yarn size, and texture, provided that
the corresponding varlations in fabric appearance will be acceptable. A

longer float length in weaving, and also certain patterns, will promote fulling

and the flexibility of the finished cloth.

Woolen fabrics: Woolen fabrics are usually thicker than worsteds.
Many Navy fabrics, and the Army l6-ounce shirting fabric, are woolens, not
worsteds. At present, the Army l6-ounce shirting is produced as an 85/15
wool/nylon blend (19), with the nylon serving chiefly to facilitate the
spinning and to increase the strength and durability. The first of a
series of experiments (1) to conserve wool by using a high croportion of
non-wool in the lé-ounce shirting showed that a key factor for blended
woolens is the promotion of fulling, and that this is greatly aided by a
low twist in the yarns, by a weave design with increased float length, and

by an open texture in the loom,

In the woolen shirting fabrics, it is desirable to retain to the meki-
mum the wool-type characteristics of thickness and random fiber arrangement.
Fortunately, this can be done to a very large degree by the more extensive
felting or fulling action in the finishing of woolen fabrics. Not only is
thickness retained but also, because the wool fibers migrate and form a
surface cover, a "wool-plating" or a practically pure wool surface is
obtained. If the fabrics are fulled to approximately 25 percent shrinkage
in length as well as width, adequate cover and thickness can be obtained
without napping. If poscible, it is desirable to avoid narping to
conserve strength and aveid carrying the non-wool fibers onto the surface.

By combining the principles which are useful in preserving randomness and in
cbtaining thickness in worsteds with the extensive fulling possible in woolens,
it is possible to be relatively independent of the tyre of blending fiber used,
up to a 35 percent non-wool content, in the lé-ounce shirting fabric (20). A
tentative specification has been drafted for a lé-ounce shirting--with 65
percent wool, 20 percent rayon, and 15 percent nylon--which has proven it-
self practical in mill production trials and wear tests. Its durability in
wear trials is only slightly lower than the durability of the 85/15 wool/
nylon snirting; the durabtility seems closer to an older type of all-wool 16-
ounce shirting that was replaced by the more durable wool/nylon blend.

* Certain man-made fibers, particularly polyamide and polyester fibers, can
contribute to strength when used in sufficient percentage, but in many uses
extra strength 1s not needed, provided that the yarns can be spun and woven.
Hence an important function of these high-strength fibers can be to permit
the spinning and weaving of finer yarns, and the weaving of lighter fabrics
for summer use,than can be made at a given cost from wool and mohair alone.
Some of the potential gain in strength can be relinquished in favor of other
gains in "hand," surface character, or other woocl-type characteristics.
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While extensive fulliny can retain the wool-lyre properties of woclen
fabrics designed for maximum fulling, to go much further than 35 nercent in
non-wool content is likely to ~roluce changes in the direction of leanness,
thinness, and lack of ccver; thot is, it beocomes a y-rn-siructured Tapric
rather thzn a fulled Tabric. A bLigner rercentage of non-w00ol content causes
different fibers t» vary noticrably in their effect ~n the fulling power cf
wool (21) and there are patent claims (22) tnat certain acrylic fibers
rrevent felting, Fence, while certzin fabrics ceataining weol can ve -ade
more washable by blending to <ecrcase leiting, tney are likely Lo be cranged
to a fabric structure wirich is less "wocl-tyie,"

3. Physiological Prorerties of wocl-tvne Clotning:

(ne of the "third dimensional” (the use cr chysiological) features
of wecol-type rabrics wnt bre Lren of continulng concern Lo tne yiarter-
master Corps nas been their use in c.othing to rrotect azgainst ccld, This
cencern 1s r-flected in attention siven o the thermal conductance, thick-
ness, and surface contact of wecel-tyre fabrics, FHowever, Lo deal with the
use ol cletniny in rrotectin; the body  we “ust o bevend the insulation of
& dry Tabric, since the influence of rolstwre is alse important.

The moisture rroclem in clothing for a cold climate arises not only
from rain or snow rom o tie cutside but alse frem rersriration rrom the in-
side. Some water varcr is always lesving tn skin as insensible rersri-
ration, but where the bedy 1o tending Lo overheszt, tnere is active sweating
inside ths cootning., (verhesting =nd swezting create very severe problems
in cecld wezther clicthing, since cicthing that is inadesuate for light or
stationary cduty in 2 cold c¢limate can be rmuch tco neavy for more severe vcrk,
It is easy t~ recall how ¢ 1d ~ne ;ets, even in an >vercozl, when standing
cn the ccrner waiting for the bus, ani how hct one rets wren neving to walk
all the way home througsn tre deer snow tnat stalled the bus.

The ranie of (ctal energy expenlitures cr range of work lrvels (in the
sense of total tody e’fcrt or rmetat-lism, net of external work) is sacwn in

Table IIT (22). Thus, sitting in a lecture hall, a man exrends zbout 1C0
watts o eners, or 1/7 unit ¢© harsepower, even trousn ne mer be deoing no

a4 -~
1

ucelul externzl work or, in anciher sense, no useful w-rk, At the other

extrere, when a man is ohysically .orking to the limit of his capecity, he
expents over 74 watts cf energ, or one unil of horserowsr, bul much less
tran trdls will te converted Intc externzl wirk, zuch as weight times height

in 2iltbing z ¢raie or shovelling <ncw or carth, The excess of ihe energy
exnended over ih= energy ccnverten into external work is lost from the bedy
as Zirect heat or 7s sweat, sc we can be sure that a man working at the rate
of one horsenower is also "swealing like a horse,"
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TABLE III

APPROXTMATE ENERGY RATES FOR A MAN

Horse-
Work level Watts power
Sitting 100 0.13
ILight to moderate 190-370 0.25-0,50
effort
Exhausting effort 746 1.00

Data from Forbes, 1949, in Newburgh, "Phys-
iology of Heat Regulation" (23).

There are two main ways that heat is lost from the body. Cne is direct
heat loss by conduction, convection, and radiation. Direct heat loss depends
upon temperature differences. The second method is heat loss by evaporation,
which depends on differences in vapor pressure. and not directly upon differ-
ences in temperature., In fact, heat can be lost to atmosphereswarmer than
tody temperature by evaporation, wnhich is what keeps us alive when the
thermometer hits or goes above 100°F. Generally, in the cold, in clothing
which i1s causing a man to sweat, the difference in vapor pressure is in the
same direction as the difference in temperature, with the highest level at
the surface of the skin and the lowest level outside the clothing. In heavy
cold-weather clothing, the two methods of heat loss are not separate and
parallel but are combined, with more of the energy transfer at the skin
level being by evaporation, while more of the same flow of energy at the
outer level of the clothing is by direct heat loss. Accompanying this change
of mechanisms is an accumulation of condensed water in the clothing.

We know from several lines of evidence that heat transfer in heavy
clothing is by means of a combined and changing flow of energy. Cne piece
of evidence 1s the water which accumulates in the clothing. After 2 hours
of hard work in the cold, the underwear and outer layers of clothing can
contain water amounting to from 40 to 70 percent of the ordinary weight of
the clothing, according to tests made by Belding (24) for the Office of The

Quartermaster General.

The question has been asked as to whether the water in the clothing got
there by evaporation from the skin with condensation, in which case it would
help in the energy loss rrocess; or if it got there by wicking or blotting
from the skin, in which case it would be far less effective in energy transfer.
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Tests by Hollies (.5) have s.owa tiat in wool-type fabrics tlere is a
minimum of blotting or wicking, and that water transfer is largely by evapora-
tion with coadensation in the cooler parts of tiie clothing. Moreover,
tlollies also s.iowed that, at the levels of water content reached in clothing,
taere is very little sidewise wicking in the plane of the fabric itself.

If the fiber has high regain, as wool has, a larye part of the water held
in the fabric may not be liquid water at all but a form of water that has
been adsorbed within the fiber substance. Most of the remaining water is
inmobilized in the fabric, either in isolated capillaries produced by local
contact of fiber with fiber, or held as individual droplets along the free
lengths of fibers, like drops of dew on a spider web.

There are probably differences wit. respect to the distribution and
capillary mobility of water within tue fabric, depending on the nat:re of the
fibers in the blend. Thus Minor, Sciwartz, iulkow, and buckles (26), in
st.dies of the behavior of liquids on single fibers, have shown that, just
as a lonyg cylinder of unsupported liquid breaks up into drops, so will a
thick film applied to a fiber. However, on crenulated or grooved fibers,
such as the .sual viscose rayon, a liquid will wick along an individual
fiber, whereas on wool fibers, a liquid will stay in drops without spreadiny.

Although we need to know more about the distribution of water in cloth-
ing in use, we have in the meantime been learning about the effects of heat
and moisture flow. A test system has been developed at the Harris Research
Laboratories to measure how much energy can flow by the combined mechanisms
of heat and moisture in a given clothing assembly. Figure 4 (on page 17)
shows the results of such a test. The test system differs from human
reactions in that it is unwilling to tolerate either chilling or over-
heating and automatically draws just that amount of power required to keep
it at a constant temperature. In these tests, a temperature gradient between
the "skin' of the test cell at 30°C. and the cold environment at -3°C. is
first set up through dry clothing. The corresponding level of power con-
sumption is measured, this being the power supply which maintains this
steady state under dry conditions. Sweating is then allowed to begin by
quickly removing an impermeable plastic film, which had been placed between
the skin and the clothing, without disturbing the clothing. Underneath
this plastic film there is a layer of chamois leather containing enough
water so that it will neither dry out during the sweating period nor drip.
To make sure that all the water transfer from the wet 'skin'" to the clothing
is by evaporation, a layer of vapor-permeable but water-impermeable plain
cellophane covers the chamois under the plastic film and is left in place
throughout the tests. When sweating begins, two things happen: the power
required to maintain the skin at constant temperature increases and the
temperature of the clothing also rises. The power stays constant at a new,
higher level all the tuime that sweatinyg is going on, as far as we have
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followed it. The temperature of the clothing then falls, but to a new level
which is higher than before. At thc same time, water is accumulating {n
the clothing. This sequence of events is additional evidence that water
transfer in clothing in a cold climate is primarily by evaporation and con-
densation and not by wicking. It also shows that while sweating is going
on, the combined rate of energy flow is independent of water content of the

clothing over a large range of water content.

The effect of sweating on the temperature of the clothing differs with
various fibers. Figure 5 (on page 19) shows the test results where two
layers of wool serge totalling 0.5 cm in thickness were used (the temperature
data of Figure 4 repeaicd), 8 layers of wool totalling 2.1 cm, and a 2.5 cm
polyester fiber batt which, while thicker, has a much lower regain than the
wool. The sequence of temperatures for the thick polyester batt has the
same general appearance as that for the thin wool covering, although the
range of temperature change is smaller. With the larger amounts of wool,
the sequence differs in being more spread out in time, which is probably
due in part to the larger amount of fiber with high regain, that is, high
capacity to adsorb water. However, the density of the wool fabric is
greater than that of the fiber batt and exact relationships between regain,
density, and amount of fiber surface have not yet been worked out, so there
may wéll be future improvement of our understanding of these effects.

The results shown in Figure 5 indicate that there is a heat-of-condensa-
tion effect even with fibers of very low regain but that this effect is
greater with fibers of high regain. Cassie and Baxter (27) have suggested
that this heat-of-condensation or heat-of-regain effect is a desirable
stabilizing influence, which may be true in certain types of clothing use
but not in others. Viewing clothing as part of an automatic control system,
it may be undesirable to increase the lag between the call for cooling by
sweating and its accomplishment. This would be particularly important in
light clothing for warm conditions. However, in the case of sweating into
clothing in a cold environment, there seems to be very little lag in power
as measured by watts lost; the power adjusts to its new, constant level very
quickly, long before the clothing temperature becomes level.

The other physiological feature that we know is important, and that also
can be changed by blending, is the amrunt of water retained in the clothing.
This feature is not so important while the work and sweating are going on,
for the combined power rate for the combined mechanisms of direct heat
loss and evaporation is constant throughout this period; but after the
heavy work is over, the amount of water in the clothing will affect the man.
With his work level falling back to normal, he himself no longer needs to
sweat and be cooled,and yet his clothing continues to '"sweat" or to trans-
fer heat (energy) by the combined mechanisms, including evaporation. This can
lead to an excessive loss of heat, to chilling, and to lowered endurance

after exercise.
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we do not know as much as we should about the optimum fabric structure
for reducing water accumulation in clothing, but the evidence points to the
value of lofty structure and also to the value of uniform low density, both
of which are wool-type fabric characteristics,

4, Review and Forecast of Challenges Involved in Achieving Wool-type Fabrics:

This analysis of wool-type fabrics used for protection against the
cold, their relationship to heat and moisture transfer, and the purely
structural relations of thickness and hairiness, emphasize the essentially
cpen structure, a characteristic arising from a relative randcmness of
fiber arrangement, We have seen that relative randomness of structure is a
result of certain features of wool-type fibers, such as crimp and varied
fiber size and length, and that this randomness can be aided by fabric
design and by the fulling process. This is true for all types of fabrics
made of wool, but most especially it is true for woolens, where fulling can
be emphasized, The changes produced by blending or by fiber substitution
tend to be away from a wool-type structure unless special attention is given
to retaining the randomness of structure, as by crimp, and to promoting
fulling, as by low twist yarns, long floats, and an open texture.

Two challenges arise from this analysis of a wool-type structure. Cne
is to obtain, by some means other than felting, the same high bulk and loft-
iness of wool in fabrics that are as well sulted for hard service as wool is,
The various texturizing processes and the application of the differential
shrinkage principle are interesting possibilities here, but so far they seem
to find more use in sweaters, other knit garments, and luxury articles than in
suitings or fabrics for hard service. The other challenge is to obtain
structures similar tc wool, using low-regain fibers, and to explore the
nossible effects in clothing of their lower water retention. Results would
be of use not only in designing clothing to protect from the cold but, with
light clothing, they might lead to provision for better temperature regulation
by the body itself in warm environments, thus extending the zone of comfort
in clothing in both the cold and warm directions.
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