
THE COMPRESSIBILITY OF WOOL. 

(c) The reiation bettceen the worlc done and the mas,~ of the sample. 

Larose (19M) compressed successively 2·20 gm., 3·26 gm., and 4·34 gm. 
of the same yarn and found that the ratio of mass to volume at the same 
pressure was constant. The same result was obtained in th~ present study 
by the static method, and it was taken for g-ranted in the employment of 
equation (11). Assuming the pressure to ·be a linear function of the inverse 
cube of the volume, the pr·essure and work done may be expected to bear a 
linear relationship to the cube of the mass of the sample. 

For comparative purposes it would be sufficient to specify that a certain 
mass ( 5 gm. in the present study), be used for a determination. Cases occur, 
however, where a smaller quantity only is available, and in any case it· is far 
more rapid and convenient to weigh out approximately 5 gm. The relation 
between the work done' as determined by the dynamic method' ana· the mass 
of the sample was, therefore, investigated. 

Owing to · the variation within a sample, a careful sytem of sampling 
had to be employed. Accordingly 6 gm. of two samples of high and low 
compressibility were weighed out. Weights from 3 gm. to 6 gm. at intervals 
of 0·5 gm. were allotted the numbers 1 to 7, and placed five times in random 
order by means of tables of random numbers. The various weights were then 
compressed in these orders in the instrument. After each determination the 
whole sample of 6 gm. was placed together, so that the next weight was 
selected from the whole sample. This procedure ensured that no bias 
occurred in the matter of sampling, while the repeated randomisation of the 
order ensured that any chang~s produced in the wool as a result of the exten
sive handling should be distributed throughout the various masses employed. 

The results are given in Table 15. 

In Figure 10 the work done is plotted as a function ()£ the cube of the 
mass. Beyond a certain value of the mass the relation is linear, but the 
straight lines do not pass through the origin of axes. They cut the y-axis 
at points which differ for the two samples but are independent ()£ the d~gree 
to which each sample is compressed. 

An approxima.:ti()n similar to that made when the same sample is com
pressed to different volumes must obviously be made, probably by the 
exclusion of certain terms from the general equat.ion, and it is necessary to 
determine how to fit the results obtained into equation (9), and to show how 
the coefficient a may be calculated when a mass ()ther than 5 gm. is employed. 

It · is found that if for 'V m equation (9) a quantity u is substituted, 
such that 

1 
U2 

m3 1 1 1 
53 ( i)2 - v2 ) + v2 · · · · · · · · · · · · · . · . · . · ... .. (12) 

1 ] 

the value of a as g1ven by equation (9) can be calculated for 
the different masses. The last two columns of Table 15 give th~ 

value of b as calculated from .equation (12), and the corresponding value 

of a as calculated from equation (9). The calculations are seen to be valid 
in the range 4 to 6 gm., and an adjustment can be made to 5 gm. for any 
quantity of wool between these limits. 
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TABLE 15. 

The worl.: done in compressing different mosses of two samples /1·om 
103·3 c.c. to two different volumes. 

Final Mass Work 1 Sample. Volume (v). (m) -done. a 

c. c. gm. (Kg. em.). U2 (Equation 9). 

1 ........... . ...... . .. 55·0 3 ·04 0·88 0·000143 -
3 ·58 1·34 178 13·7 X 103 

4·05 1·95 217 14· 8 
4 ·54 2·77 270 15·2 .. 5·04 3·81 337 15·3 

I 
5·53 4·93 416 14·9 
6·08 6·50 522 14·9 

62·4 3·05 0·59 0·000127 -
3 ·60 0·96 152 12·2 X 103 

4·04 1·36 177 14·7 
4·55 1·94 215 15·3 
5·06 2·62 262 14·8 
5·55 3·50 318 15·2 
6·09 4·56 391 15·0 

2 ................... . . 55·3 3·04 0·59 0 ·000146 6·0 X 103 

3 ·59 0·83 180 6·3 
4·05 1·13 218 6 ·8 
4·56 1·36 270 6·1 
5·06 1·80 336 6·3 
5·55 2·27 413 6·2 
6·03 2·79 502 6·1 

62·1 3·04 0·44 0·000131 5·2 X 103 

3 ·59 0·64 155 6·0 
4·05 0·86 182 6·5 
4·56 1·05 219 6·2 
5·06 1·40 265 6·5 
5·54 1·72 

I 
320 6 ·4 

I 6·03 2·06 384 6 · 1 

-- ---

Besides the fact that an approximation is probably made in assuming 
linearity between the work done and the cube Df the mass of the sample, it 
must be pointed out that quantities less than about 3 gm. do nDt fill the 
compression compartment completely, so that v1 is not the same for masses 
above and below 3 gm. 

Taking the calculated values of a from 4 to 6 gm., the standard devia
tion of the differences from the mean is found to be 0 · 23 x 103

• For com
pression to various volumes, as given in Table 7, the standard deviation is 
0 · 26 x 103 • The two values are in close agreement, and if a difference between 
them exists, it may be presumed to be due to the difficulty of determining 
the volume as accurately as the mass. 

(d) C01npa~'ison of 1'esults obtained by the static and the dynamic methods. 

It has been shown that the coefficient a as given by equation (9) can be 

regarded as an approximation to the coefficient ~ o£ equation (6), and it was 
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estimated to be too low by about 7 per cent. It is interesting to see how the 
coeffi,cient · a obtained by the dynamic method agrees with. the 

coefficient~ as given by the static cylinder and piston method 

The result of testing five wools by the two methods is given in Table 16, 
where the results refer to 5 gm. of material and the pressure is measured in 
Kg. jcm.2 
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FIGURE 10.-Tihe work done in compressing different masses of wool by the dynamic 
method, as a function of the cube of the mass. 

TABLE 16. 

A compa1·ison of the coefficients obtained by the static and dynamic methods. 

Sample. 

1 ... . .... .. ... .. ...... ... ..... . 
2 .............. . . . . ..... . ..... . 
3 .. . ......... . . .. ............. . 
4 ..... .. ... . . .. . ..... . .. .. .... . 
5 .. . ... . . ..... ... . .. . . .. .. . . . . . 

a 
(Dynamic 
Method). 

5·8 X 103 

9·4 
ll·5 
15·0 
15 ·5 
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A 
2 

(Static 
Method). 

3·2 X 103 

5·2 
6·0 
9 ·8 

ll·7 

' 

Ratio. 

1·81 
1·81 
1 ·92 
1·53 
1·32 

Difference. 

2·6 X 103 

4·2 
5 ·5 

. 5·2 
3·8 



C. M. VAN WYJL 

While the order o£ magnitude is the same in the two cases, it is evident 
that the . coefficients differ in two respects. The coefficient a of the dynamic 
method is in all cases the greater, and the differences do not follow any law 
consistently, as shown by the ratios and differences. 

Several reasons may be advanced as being responsible for the differences. 
In the first place, the value of a was obtained from the first compression of a 

sample, while t.he coefficient ~ was calculated from the final constant cycle 

of compression by the static method. 'The question immediately arises as to 
whether the coeffic~ents obtained by the iJ?-itia1 rapid compre~sion an~ the 
final slow compress10n are comparable. Ev1dence occurred durmg the mves
tigation which indicated that with the dynamic method the differences 
between successive cycles lay, not in the coefficient a itself, but in 
the constants of equation (9) from which the coefficient OJ was calculated, since 
the difference in the work done between the initial and the final compressions 
bore a linear relationship to a 2

, as calculated _from the first compression. The 
evidence could not be regarded as conclusive, however, and the point was not 
investigated further, but it is significant that the inverse cube law was found 
to hold for the first compression by the dynamic method, and only for the 
final constant cycle of compression by the static method. · 

In the second place, the difference in the rate of compression must be 
regarded as one cause of the difference obtained by the two methods. In the 
static method, the compression was performed extremely slowly, and an 
attempt was made to overcome tl1e effects of friction as far as possible. The 
rapidity of compression by the dynamic method, on the other hand, would 
include frictional effects in the " ·ork done during compression. Assuming the 
friction to be proportional to the pressure, this would result in an increase in 
the coefficient a . 

A third cause, especially of the irregularity of the differences, lies in the 
state of the sample. The effect of lumpiness on the coefficient Q in the case 
of sample 3 has already been considered. By making determinations on the 
sample by both methods before and after removal of the lumps, it was found 

that the· effect of the lumps had been to increase the coefficient# (static 

method) from 6 · 0 x 103 to 7 · 9 x 103
, an increase of 32 per cent. The coefficient 

a (dynamic method) had been increased from 11·5 x 103 to 12· 4 x lOS, an 
increase of 8 per cent. The static method may therefore be regarded as 
being more sensitive to the state of the sample than the dynamic method. A 
part of the discrepancy between the two coefficients may be attributed to 
this cause, for in spite of careful separation of the fibres, a small amount of 
residual lumpiness seemed unavoidable. 

It is of interest to note that the percentage difference between the work 
done during compression and release by the static method was 55 per cent. for 
the sample in the lumpy state and 56 per cent. after it had been teased out. 
The difference was insignificant, in spite of the 32 per cent. increase in the 

value of the coefficient : . 

(e) Th e arithmetical expr·ession of compressibili-ty. 

The present study has been based on results obtained with the 
" P endultex " instrument. It has been shown that when a 5 gm. sample is 
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compressed from a volume of 103·3 c.c. ·to a volume v, where vis less than 
75 c.c., the relation between the work done, W, in Kg. em., and the volume 
v can be expressed by the equation 

a 
W = -

2 
- 5·344 x IQ-9 ·a2 - 0·0947 ... . ............ (9) 

v 
for values of a from 4 · 6 x 103 to 15 · 0 x 103

• 

For the purpose of the present investigation, the coefficient a as defined 
by equation (9) has been taken as the coefficient of resistance to compression. 
'L'he coefficient is derived from the equation 

1 1 
p = A ( 3 - -a) .................................. (5) 

v v 0 

assumed to represent the relation between pressure and volume, where a is an 

approximation to the coefficient~ of equation (5). In the more symmetrical 

form 

p = A' ( vao - 1) .. .. ... . 
va 

the dimension of A 1 is that of pressure in Kg. f em. 2 As the dynamic method 
does not. give the value of v 0 , the latter form could not be adopted, and the 
dimension of a is, therefore Kg.fcm. 2 (c.c.) 3

• For convenience the unit will 
simply be designateil Kg. em. 7 per 5 gm. 

If co~pressibility is given its usual definition of~- dv, it follows fro m 
. 3 v dp 

equation (5) that it is equal to- ~A, and at any volume is thus proportional 

to the reciprocal of the coeffici.ent A, and hence of a. A high value of a indi
cates that a sample offers a high resistance to compression, and consequently 
has a low c~mpressibility. 

C . TEcHNIQUE EMPLOYED FOR THE MEASUREMENT oF CoMPRESSIBILITY. 

In the case of a fleece or a similar quantity of wool, the whole bulk was 
spr·ead out evenly over a table and divided into ten or more zones. Staples 
were taken at random from each zone in succession until a composite sample 
of 90 gm. had been collected. The composite sample was divided into two, 
and from each portion a sub-sample of 15 gm. was made up by removing a 
few strands from each staple. The remaining GO gm. was kept for the deter
mination of other properties. 

The number of crimps per inch of staple of each of the strands occurring 
in the two sub-samples was next determined, and a small portion of each of 
the strands was placed together in a bundle for fibre thickness measurements. 

The two sub-samples were then washed in three changes of benzene at 
40° C. , after which the dust and vegetable n1atter were removed by teasing 
out the wool thoroughly. Finally the sub-samples were washed twice in 
distilled or rain water at 50° C. 

'l'he samples were put out to becom.e thoroughly airdry. As a rule th e 
relative humidity was in the region of 50 per cent., but during damp weather 
the wool was kept until several dry days had passed. When subsequently 
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placed in a room maintained at 65 per cent. relative humidity, the samples 
therefore attained equilibrium under adsorption conditions. No attempt was 
made to dry the wool by heating, as this procedure reduces the affinity of 
wool for water. 

The first set of measurements was made with the room maintained at 
70 per cent. relative humidity and 70° F. (21·1° C.) temperature, but the 
conditions were later changed to 65 per cent. relative humidity and 70° F. 
temperature. A study was made of the influence of adsorbed water on the 
resistance to compression, and it was found that results obtained at 70 per 
cent. relative humidity CDuld be converted to those at 65 per cent. relative 
humidity by multiplying by the factor 1·12. All results given in the present 
paper, therefore, refer to 65 per cent. relative humidity and 70° F. (21·1 ° C) 
temperature. 

The samples had to be conditioned for at least fourteen days before 
constant results were obtained. At the end of this period 5 gm. was weighed 
out from each sample on a rough balance, and the resistance to compression 
determined in the "Pendultex " instrument five times in succession . After 
each determination the sample was removed from the compartment and teased 
out into as loose a mass as possible. Since the duplicates were compressed 
alternately, one sample was teased out while the other was being compressed, 
and no time was wasted. Finally the samples we~·e weighed correct to 0 · 01 
gm. 

From the number of swings, the volume to which the sample had been 
compressed, and the weight of the sample, the coefficient a as defined was 
calculated. 

In order to ensure that no additional damping forces had developed, the 
pendulum was set swinging with the compression compartment empty, at 
regular intervals, and the number of swings noted. 

D. DISCUSSION. 

(a) Methods of measuring compressibility. 

The determining factor in the choice of a method will be the nature 
of the information desired. The balloon method, and cylinder and piston 
methods such as employed by Larose (1934) and by the author give the com
pression ana release curves separately. Con seq uen tly when the two curves 
have to be compared, for example by the work done during compression and 
the work done during removal of the compression force, any of these methods 
should prove suitable. 

The author prefers his method of applying the load to that of employing 
a · spring, since it obviates the calibration of the spring and makes for greater 
stability of the piston. By inverting the system and applying the weights 
to a cord drawn over a pulley, it should be a simple matter to adapt the 
method for studying the compressibili'ty of wool immersed in various liquids. 

Various authors seem to be agreed that the balloon method is more 
tedious than other methods, but one of the most serious drawbacks must be 
the fact that the calculation of each volume depends on the measurement of 
the volume at one pressure. From the author's own limited experience of 
the method, it was concluded that the accurate determination of the volume 
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at ' one pressure is a matter of some difficulty, and it must be repeated for 
every test. The error in the m€asurement is reflected in the calculated value 
o£ all other volumes. 

Cylinder and piston methods do not suffer from this disability. On the 
other hand, exception may be taken to these methods on the ground that the 
wool is compressed from one side only, whereas in the balloon method the 
compression takes place over the whole surface of the sample in contact with 
th€ balloon. This does not, however, remove the lack o£ uniformity in the 
packing of the sample at the lower pressures. 

The " Pendultex " method may be regarded as giving the work done 
during application of the compressive force, although the rapidity with 
which the wool recovers from compression may influence the result if the 
recovery is not complete before the subsequent compression commences . The 
calculations, as developed in the present -study, are based on a large number 
of successive compressions, and· the final result may be regarded as being 
influenced by those compressions, in spite of the fact that it is expressed as 
the work done during the first compression. · 

The reductiQn in work done during successive compressions is smaller 
than with the static method, since it has been found that with the static 
Ihethod, the final constant cycle is attained the sooner, the more slowly the 
compression is performed. This . effect is also apparent from the fact that 
the number of compressions made before the pendulum recorded a constant 
number of swings was of the order of 150, while with the static method 
constancy was ·attained after the ninth to the fifteenth cycle. 

The accuracy of the " Pendulte:s: " method at. least equals that of other 
methods, according to published results, but its main advantage from the 
point of view of routine determinations is its rapidity. Each determination 
requires a few minutes, and several successive determinations can be made 
with a considerable resulting accuracy. "With the static method, on the 
other hand, the author's own determinations_ took at least three hours -each 
for. a sample. · 

The advantage is obvious for routine measurements in wool production 
studies, where large numbers have ordinarily to be dealt with. Once the 
instrument has been calibrated, tables may be drawn up and the resistance 
to compression, as defined in the present study, obtained at a glance from the 
number of swings recorded. The manipulation of the instrument is simple 
and requir~s little training. · 

In this coJ;mection it must be pointed out that with any method of deter
mination by far the greatest portion of the time r-equired is taken up by the 
preparation of the sample for testing. ·with the method as described, the 
cleansing of a series of samples for even a small-scale experiment may require 
several weeks. When measurements o~ fibre thickness and crimping are 
made in addition, it is obvious that rapidity is an essential r-equirement in 
the · method of measuring compressibility, if large-scale determinations are 
to be practicable. 

On the score of reproducibility of results, and the rapidity with which 
determinations can be repeated, the first compression bas been adopted as the 
basis in the present study, while other workers, employing static methods, 
have · made - their observations ~liter repeated compression. With the static 
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method the first compression is ill-defined and not easily reproducible, while 
with the dynamic method the same value may be obtained for successive 
determinations of the first compression, of a teased sample. 

In this connection it is to be noted that the value obtained by any method 
after constancy has been attained is dependent upon the way in which the 
sample has been teased out and packed into the compression compartment. 
It is, therefore, not sufficient to measure successive constant cycles, for repro
ducibility can be tested only by complete removal of the sample and 
re-insertion into the compression compartment. No record can be found that 
this fact has been borne in mind by previous workers. 

(b) The elastic belwmiour of wool in bulle. 

From observations of the static method of compressing wool, the conclu
sion has been reached that initially the density of packing of the fibres is not 
uniform, but increases with successive cycles . It is therefore doubtfui 
whether an initial cycle of compression by static methods is reproducible, 
and whether it has any meaning in the case of a loose mass of wool. As the 
pressure is raised, the packing tends to become more uniform, a fact which 
acc(_mnts for the observation that the volume tends to the same value at a 
high pressure for any cycle of compression. A part of the uniformity of 
packing is retained after -each cycle until successive cycles are identical. 
Whether the final constant cycle depends on the maximum pressure to which 
the sample has been subjected, or upon the degree of compression, is a matter 
for investigation. If such is the case, the maximum pressure or degree of 
compression would have to be specified in each case. 

Even during the final constant cycle it is clear that results obtained a t 
low pressures should not be considered together with the later values, since 
on the release of the pressure, that portion of the sample nearest to the piston 
opens up to a greater extent than the rest of the sample. Such an effect may 
be expected to occur in the balloon method, as well, where the friction of the 
fibres among themselves will oppose the release of the fibres in the centre of 
the mass. The result is that the wool acts like a spring at low pressures, a 
conclusion also reached by Schofield (1938) , who stated that his sample 
obeyed Hooke's Law initially. . • . 

In considering the form of the curve relating pressu1e and volume, 
the compression of the sample may in the first place be regarded as consisting 
in the bending of individual fibres. Owing to the contacts between the fibres, 
the unit which bends is not primarily a whole fibre, but the element between 
adjacent . contacts . Such elements are, however, ·connected to one another 
within a fibre, so that a certain amount of straightening, or even stretching, 
of the fibre may be · expected. As the volume diminishes, the number of 
contacts and the number of elements increase, with a corresponding diminu
tion in the length of the bending elements. The force necessary to bend an 
element by a certain amount is inversely proportional to the cube of its 

· length. The two effects, viz. , the increase in the number of elements and the 
diminution in their length will rapidly increase the resistance of the sample 
to compression, and hence the slope of the pressure-volume curve. 

Against this a certain amount of slippage of the fibres over one another 
must be regarded as a possibility , and Pidgeon and van Winsen (1934) go so 
far as to say that " the pressure-volume relation of a mass of fibre i s ulti
mately dependent on the ease with which they slip over one another ". 
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Besides bending and stretching of the fibres, some torsion may be 
expected in view of the twist present in wool fibres. vVith such a complexity 
of factors in operation, it is doubtful whether a complete theoretical deriva
tion of the relation between pressure and volume is possible. 

Theoreflical Considerations .-In spite of the complexity of the factors an 
attempt will be made to approach the problem with the aid of simpler cases. 
Two regular geometrical patterns will first be presented and simple bendin§!' 
only will be considered. 

When an element dx of a bar is. bent into an arc of radius R, 
iY 

Bending moment ... . . . M = .. . ..... . .............. (13) 
R 

iY • 
Energy in length dx, dE = - · dx . ................... (14) 

2R2 

where i is the "moment of inertia of cross-section", and Y 1s Young's 
modulus. · 

(i) Closed Solenoid.-Suppose that a fibre of length l and diameter d 
forms a closed solenoid of radius R. Then if v is the volume of the solenoid, 

R _ 2v - id ................................. : ............ (15) 

and from (14), since R is constant, 

iYl iYl3 .d2 
E=- = --

2R2 8v 2 

Providing the shape of the solenoid does not alter, a pressure perpendicular 
to the axis of the solenoid will produce a diminution in volume similar to 
that caused by an axial torque. Considering the wool sample to consist of a 
large number of such solenoids, the pressure is given by 

dE iYl3-d2 
p =- dv = 4v3 

F fib f . l . t• . 7r. d
4 

d "f . h f th or a re o cucu ar cross-sec wn, ~= 64 , an 1 m IS t e mass o e 

material and p the specific gravity 

m = 
7rd 2lp 

4 
Hence 

.... Ym 3 

p = .............................. . .......... (16) 
47r2pava 

Now equation (16) is identical to equation (5) except for an additive 
constant, which may be explained by the fact that wool fibres are bent and 
looped initially without stress, and in addition have in the mass a pressure 
among themselves in the absence oi applied pressure . 

It is to be noted that according to equation (16), the relation between 
pressure and volume depends on the total mass but not on the fibre diameter . 
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Although the solenoidal form is only a simple approximation to the com
plicated forms taken by the fibres> it is not altogether an unreasonable one. In 
this connection the observations of -woods (1935) are of some interest. Woods 
found that when single fibres were immersed in water, they relaxed and 
formed loops corresponding in a regular way to the original crimping. In 
the fibre mass a large number of such loops may be e,xpected, and more will 
be formed when the mass is compressed and the fibres bend round one 
another, and the loops may be regarded as elementary solenoids. 

Equation (16) was derived from the condition of equation (15) viz., that 
the radius of curvature is proportional to the volume. The total length of 
fibre in a mass is of the order of 105 em. per gm., and in consequence there 
will be a large number of fibre elements and loops. If it be assumed that 
for such a large number, the mean radius of curvature is proportional to the 
volume occupied by the mass, equation (16) giving the pressure as propor
tional to the inverse cube of the volume may be applied to the fibre mass 
(taking initial conditions into account). 

When equation (15) for the solenoid is applied to a mass of fibres of 20,u 
diameter occupying 20 c.c. per gm., R becomes 0 ·04 em. These values apply 
to a closed solenoid and are only approximate for the wool, but it is 
interesting to note that Woods gives the values 0 · 029 om. and 0 · 040 em. for 
the natural radius of curvature of a dry and a wet fibre of 20,u diameter 
respectively, values which are of the same order of magnitude as those 
calculated. 

The above reasoning could no doubt be extended to the case of a yarn, 
where the fibres are twisted round one another, and their form approximates 
to solenoids with equally spaced turns. Provided the spacing between the 
turns remains constant, the radius of curvature of such a solenoid is propor
tional to its volume. 

It is to be noted that simple bending only has been considered. In view 
of the twist already present in the fibres, further twisting must be considered 
as likely. . 

(ii) Pile of rods.-As a second geometrical pattern consider an arrange
ment as in the accompanying figure, where a large number of weightless rods 
have been piled on one another. 

Let n =the number of rods, 
N =the number of layers, 
L =the length of a rod, 
d= the diameter of a rod, 
l = the total length of the rods, 
= nL~ 
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The volume occupied by the pile is 
v0 = NdL2 •••••••••••••••• · : ••••••••••••• ••••• •••••••• (17) 

The distance 2b between adjacent contacts of two layers is 

2b- NL -- ....................... ..... ................ (18) n . 

Vo 

ld 
or from (17), 2b (19) 

Let a uniform pressure be applied to the top of the pile. At each point 
ot contact the rods are bent by an amount y 1 • The new volume becomes 

H~nce Yl = Vo - v 
NL2 

v = v0 - NL2y1• 

d ' (v -v) 
or from (17) y1 = · 0 

...................... .' ........ .' .... (20) 
Vo 

Let forces 1' act at the midpoint and ends of the portion 2b. Then since 
the two halves are symmetrical, one half of length b may be considered. 

At each point of contact, a force ; may be considered to be effective on 

the length b. 
J 

2 

Mo :J Mo:J 

T 
2 

The bending moment at a distance x along the rod is given by ( Tx- M0), where 
' 2 

M0 is a bending moment caused by the forces on the extension of b beyond the point 

of contact. But from (13), the bending moment is balanced by a moment iY. 
R 

Hence iY = Tx - M
0

. 

R 2 

At x = !!_ there exists a point of inflexion where !_ = 0. 
2 R 

Hence M 0 = Tb, and if R is large 
4 

iY iY · d2y T 

R dx2 2 

b 
(x - - ) 

2 
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.. iY · r!._y _ T 
dx 2 

x2 bx . dy 
( - - - ), smce - = . 0 when x = 0, 

2 2 d:r. 

Yt b 

J TJ x2 iY. dy = 2 ( 2 
0 0 

bx) dx 
2 

i.e. iYy1 
Tb3 

........ . .......................... (22) 
24 

Now[the number of contacts between two layers is equal to the square of the 
n 2 L2 

numberl o£ rods in a layer, and hence equals ( - ) = - , from (18). 
N 4b2 
L2 

Hence the total force on a layer = T. -
4b2 

T. L2 
and the pressure p = f) 

4
b2 

T 

4b2 

6iYy1 f -- rom 
b5 ' 

Substituting for y1 from (20) and for b from (19), 

192iYd6Z5 

P = . (v0 - v). 
vso 

(22). 

P . ~. 7Td4 d 7Td2lp h . h l d h 'fi . utting.% = M , an m = -
4
-, w ere m IS t e tota mass, an p t e speCI c gravity, 

p= 
3072. Y.m5 

(v0 - v) ................... , ...... .. (23) 

~luThe same result may be obtained by considering the energy of the system. From 
(14), the energy in a length dx is 

iY 
dE= . dx 

2R2 

T2 b 2 . 
- . (x - - ) . dx, from (21). 
8iY 2 

The energy in a length b is 
b 

E = - . (x- -) .dx T2 J b 2 

8iY 2 
0 
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Hence the energy in a total length l is 

E = T2Jb2 

Hence p 

96iY 
6iYly21, 

b4 

6iYld2 

b4 .vzo 

96iYl5d6 

vGo 

dE 

dv 

, from (22) 

(v0 - v) 2, from (20) 

(v0 - v) 2, from (19) 

3072Ym5 
(v0 - v) ........... ... . .. ......... . .. (23) 

7T4p5v6
0 

Again, as 1n the case of the solenoids, the relation between pressure and 
volume depends on the mass but not on the diameter of the rods. 

For small compressions of the pile, the pressure is proportional to the 
!'eduction in volume, and it has been pointed out that the same is true for 
small compressions of a wool sample. It is obvious that the result obtained 
can be considered only in the light of small compressions, for beside the 
approximation made, the distance 2b between contacts is regarded as con
stant, while in practice more contacts will be formed as the fibres are bent. 

From (19), the distance b is initially given by 

b = ~ 
2ld 

.Assuming that in the case of wool the . relation holds for large degrees of 
compression, and defining an element length as b, the relation may be written 

b = v ~. 7Tdp = 0·51 v d ............ . .... . (24) 
2ld m 8 m 

while from (15) 

R = 2v .!__ . 7Tdp = 2 ·04 .!:... . d 
ld m 2 m 

where m is the mass and p the specific gravity of wool. For a given density 

of packing, i.e. , for a given value of ~, the element length and the radius of 
m . . 

curvature are p.r:oportional to the fibre diameter. 

The length of a fibre element between contacts in the case of a sample 
of 20JL diameter occupying 20 c.c. per gm. is then 0·02 em. This value is 
one-quarter of the radius of curvature obtained by analogy with a solenoid. 
Although an exact comparison of the two quantities is hardly valid in view 
of the different grounds on which the formulae have been based, the two 
quantities, element length and radius of curvature, may reasonably be 
regarded as being of the same order of magnitude. At a density of 20 c.c. 
per gm. the element length is about ten times the fibre diameter, and at 
10 c.c. per gm. about five times the fibre diameter. 
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The smallest volume which the pile can occupy occurs when 2b =d. 
Then 

m 4 

p 7T 

The smallest volume is thus i_ times the volllme of the material, i.e., 
7T 

the ratio of the area of a square to the area of the inscribed circle. Since 
wool fibres are arranged in all directions, the limiting volume will be even 
greater. This should be borne in mind when assigning a value to the con
stant v 1 of equation (5a) and equation (11), pages 123 and 124. 

(iii) A less ~egular arrangement is required for the following treatment, 
in which the numerical factor has not been determined. 

Suppose the wool to be compressed in a vertical direction in a container 
of unit area of cross~section, and let the depth at any instant be v, so that 
the volume occupied by the wool is 'l!. It will be assumed that the 
elements of length b, formed between adjacent contacts, are the units which 
bend when the mass is compressed. 

Let o be the vertical height occupied by an element, and consider a layer 
bounded by two horizontal planes a distance c apart. The layer will be one 
element thick, and since its area is unity, an increase in pressure dp will 
be equal to the increase dF in the force on each element, multiplied by the 
number of elements in the layer. I£ l is the total length of fibre, the total 

number of elements is~, and the number in the layer will be ~ · ~ 
lc 

Hence dp = - · dF 
vb 

When a bar of length b is bent by an amount dy., then 
kiY 

dF = - · dy ............................ . .... ... .. . (25) 
b3 

where k is a numerical factor depending on the conditions of bending, t IS 

the " moment o:£ inertia of cross-section ") and Y is Young's modulus. The 
relation is commonly employed in the determination of Young's modulus by 
the bending of a bar, and is similar to equation (22). 

Hence dp = ki Ylc · dy 
vb4 · 

Each layer of thickness c will be reduced in thickness by an amount 
equal to dy, so that the reduction in volume dv is given by 

dv 
v 

dy 
c 

and dy = 
. c 

• dv. 
v 

Hence dp = 
kiYlc2 

• dv. 
v2.b4 
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Since the elements ar.e arranged m all directions, the mean value o£ c2 

b2 
may be taken as being equal to the mean value o£ so that 

3 
d __ kiYl • dv. 
p - 3v2b2 

v 
Assuming equation (24) for the pile of rods, i.e. b = 

2
ld' 

4kiYl3d2 

dp =- · dv 
3.v4 

For a bar of circular cross-section, i 

4k7T Yl3d6 

dp =- dv 
192.v4 

4kYm3 dv 
37T2pa . v4 

7T · d
4

, hence 
64 

where m 1s the mass, and p the specific gravity of wool. 

Integrating, 
4kYm3 1 1 . 

p = -- · ( - - - ) ............................. (5c) 
97T2p3 va vao 

and by comparison with equation (5), 
4kYm3 

A= -- ... ... . ... ........... . . ........... ... . ... (26) 
97T2p3 

N()w the assumptions made may be regarded as reasonable provided there 
are a sufficiently large number o£ elements. Taking 1 gm. o£ wool o£ 20,u 
diameter compressed into 10 c.c. per gm., the highest density employed in 
the present study, the mean element length may be calculated, by analogy 
with a pile of rods [·equation (24)], to be 0·010 em. Since the total length 
of fibre is 2·45 x 10" em., the total number of elements will be 2 ·5 x 10' per 
gm. of W()Ol, and the number in the lajcer o£ unit area of cross-section and 
thickness c approximately· 104

• 

Besides depending on the bending conditions, the constant k may be 
regarded as including a number of factors which will be briefly C()nsidered. 

1. The mear: elem·en t length has he en taken to be equal to 2 ~ d by analogy 

with a pile of rods. Since wool fibres are arranged in all directions, it is 
probable that the expression should be multiplied by some factor. For 
example, again consider the wool to be enclosed in a container of unit area 
of cross-section and depth v, and consider a spherical particle of diameter d 
equal to that of fhe fibtes, moving in a vertical direction.. The probability 
that it will strike a fibre is the area presented by the fibres projected on a 
horizontal plane, divided by the total area of cross-section o£ the container, 
which is unity. Since a collision will occur when the centre of a particle 
comes within a distance d of ·the axis of the fibre, the area presented by the 
fibres will be 2Zd, and the mean square of the projection ()f this area on a 
horizontal plane will he !·4·P ·d". If then in travelling a distanc2 1-·, t }~ ~ 
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particle strikes a fibre V.i · 2ld times, then the root mean square distance 

between successive collisions will be given byJ ~ · __! = 0.61. ~.If a fibre 
2 2ld ld 

is regarded as the path of such a particle, the R.:M.S. distance between 

successive contacts is thus 0 · 61·z~· (The mean square of the projection of 

the ar·ea has been considered, since the substitution is made for b2
). W hile 

this calculation is only approximate, since it considers the mean value of b, 

it confirms the validity of the expression ~~dfor the calculation of the elem ent 

length, and ,shows that the resultant error takes the form of a factor which 
is dimensionless. 

2. In the derivation a mean value for the element length b has been 
employed, a procedure which is valid only when b is constant. The length b 
will, however, follow some law of distribution, and a rigorous calculation 
would have to take the nature of the distribution and the extent of the 

variation into account. For example, in the expression b~ occurring in the 

relation between force and deflection, it is obvious that the contribution of 
the shorter elements, especially those approaching d, will be large compared 
to the contribution of longer elements, and may reach enormous values. 

3. The " moment of inertia of cross-section ", i, depends upon the fibre 
diameter, which varies considerably within a sample, and the variation would 
have to be taken into account in calculating the deflection of an elemen t. 
It is further to be observed that the cross-section of a wool fibre more nearly 
resembles an ellipse than a circle. Assuming the fibre to adjust itself so as 
to offer the least resistance to bending, an approximate calculation suggests 
that the value of i calculated by assuming circularity should be multiplied 
by the ratio of the minor to the major axis of the ellipse. 

4. The equation 

dF = kiY.. dy 
b3 

assumes the deflection dy and the force dF to be perpendicular to the 
direction of the fibre, which will not in general be the case. 

The constant h may, however, on the whole be regarded as dimension
less, and although its theoretical derivation may not be practicable, it may 
be obtained experimentally if the value of Y can be determined indepen
dently of the resistance to compression A. In the case of a straight fibred 
wool of the coarser type the measurement of Y may be practicable, e.g. , by 
Searle's method, but in the present study no such wools were encountered. 

Values of A obtained by the static method (Table Hi) ranged from 
6 ·4x103 to 23·4xl0' Kg. cm. 7 per 5 gm. Assuming a value of, say 10 for 
lc, Y is found to range from 2 · 5 x 108 dynes f em. 2 to 9 · 2 x 108 dynes / em.' . 

For Young's modulus as obtained by extension Speakman (1930) gives 
3·55 x 10'0 dynes/em! for Cotswold wool at 65 per cent. relative humidity, 
while the present author has found values ranging from 1· 5 x 1010 dynes f em! 
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for Merino wool to 3 · 2 x 10'0 dynes f em. 2 for moh~ir at 70 per cent. relative 
humidity (van Wyk, 1932), In view of the structure of the fibre, the value 
of Young's modulus obtained by bending is not likely to be the same as that 
obtained by stretching, a point which will be considered later in connection 
with the effect of adsorbed water. 

Assuming b to be constant and equal to Vo , the relation becomes 
2ld 

4kYm3 1 1 · 
p = -- . (- -- -) ..... 0 0 0 0 0 0 0 0 0 0 0 0 0 0. 0 0 0 0 0 0 0 (27) 

37T2p3v2o v Vo • 

i.e., for compressions which are so small that no new contacts are formed, 
the pressure varies as the inverse first power of the volume. 'l'his result is in 
contrast to that obtained by the regular arrangement of rods, in the case of 
which the pressure was found to vary directly with the reduction in volume. 

The above treatment of the problem requires that there shall be no 
slippage of the fibres over one another, a point to be considered later. It 
also assumes the density of packing to • be uniform throughout' the mass, 
expla;ining why the inverse cube law does not hold at small degrees of com~ 
presswn. 

The coefficient A of equation (5) has been found to contain the mass but 
not the diameter of the fibres. Hence in all three cases considered, the 
relation between presRure and volume contained the mass but was inde
pendent of the fibre diameter. 

It is to be noted that the above considerations take · no account of the 
hysteresis loop formed between the compression and release curves. It may 
appear remarkable that after Ruccessive cycles the wool mass should return to 
its volume at zero pni~sure in spite of the considerable hysteresis loop. The 
same phenomenon· occurs in the extension of single fibres, but in the case of 
the compression of a _mass of wool the factor of friction between fibres is 
added to the lag of the fibres in recovering from strain. The greater part 
of the recovery of the mass to its original volume takes place on removal of 
the last traces of the pressure. During this stage the sample opens up rapidly 
and unevenly, and the density of packing is far from. uniform. It is over 
the same range of low pressures that the compression curve follows Hooke's 
law. 

It has been shown that in practice the pressure may be regarded as a 
linear function of the inverse cube of the volume. M. and J. Eggert (1925) 
appear to have found different values for the index of the volume. The 
author has, unfortunately, not been able to gain access to their publication, 
and has had to rely for his information on the quotations of other authors. 
It has to be emphasised, however, that the inverse cube law holds only after 
repeated compression by the static method, and the results at low pressures 
do not follow the law. The use of the quantity v 0 , suggests that these workers 
used the results obtained at both low and high degrees of compression. Even 
assuming that these factors are taken into ·consideration, however, the exact 
value 3 may not be the best-fitting one in all cases, but an additional constant 
is introduced when the index is deduced from the observational data. Now 
the conviction has already been expressed that compressibility measurements 
do not justify the use of an equation involving more than two unknown 
constants, and different values of the index may easily be found as aresult of 

.144 



C. M. VAN WYK. 

experimental error. The other constants are at the same time affected, so 
that the resultant error may far exceed any that may arise from the assump
tion of the inverse cube law. 

The Eggerts reduced the number of their unknown constants to two by 
taking for one constant the value of v 0 , the volume at zero applied pressure. 
If., as the present study has suggested, the results at low pressures do not 
" fit in " with the results at higher pressures, this procedure cannot be con
sidered as entirely justifiable. In the second place, it is a matter of extreme 
difficulty to assess when the balloon has been suitably filled. In the present 
study the volume at zero pres.sure after repeated compression was found to be 
at least 30 c.c. per gm. Authors who have employed the balloon method 
appear to have placed samples of 4 to 5 .gm. in balloons having capacities 
of 80 to 100 c.c. It is almost certain that the wool must have exerted some 
pressure on the balloon initially and the volume at zero pressure must in such 
cases be regarded as rather arbitrary. 

In conclusion it must be observed that several interesting features of the 
pressure--volume relation were encom}tered, which required explanation The 
scope of the study had, how-ever, to be borne in mind, and only those features 
relevant to the study were investigated. · 

(c) The arithmet·ical expression of com.p1'essibility. 

Si~ce the first object in any investigation must be to express the quantity 
being measured in arithmetical terms, various authors have placed different 
interpretations on their results.. M. and J. Eggert, assuming the relation 

cpy (n + n 0) = 'li0 • lOY 

where rr was the pressure, and cp ten times the ratio of the volume to the 
volume at zero pr-essure, regarded rr0 as an expression of -the softness 
~ Weichheit) of the wool, and y as a measure of its pliability (Geschmeidig-
lwit). · 

Now wool fibres are bent and looped naturally without stress, and the 
" latent " pressure, rr0 , is presumably the pressure which would have been 
necessary to bring the fibres into this state had they been straight initially. 
In the fibre mass, however, the fibres are in state of strain owing to the fact 
that they prevent one another from taking up their normal form. Thus in 
the absence of applied pressure there nevertheless exists a pressure among 
the fibres, and this pressure will influence the determination of rr0 , the 
" latent " pressure of the wool. It would appear, therefore, that this 
" latent " pressure must partly depend on the extent to which the wool was 
teased out· prior to compression. · 

Subjecting the wool to repeated cycles of compression and release will 
not improve the position, since it has been found with tests by both the static 
and dynamic methods that the pressure-volume relation after repeated com
pression depends as much on the extent to which the wool has been separated 
and on the method of insertion into the compression comparment as does the 
relation of the first compression. -It has been suggested that owing to the 
difficulty of assessing when the balloon has been suitably filled , the wool 
initially exerts some pressure on the balloon. In such a case, the value of 
t he " latent " pressure of the wool obtained by the balloon method must be 
regarded as rather arbitrary. 
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When y = :3, the Eggert equation becomes equation (5) of the present 
study, and 

no.V3o = A 

so that 
dn0 3.dv0 -=---· 

It is thus aeen that 1r 0 will be very sensitive to errors in v 0 • 

As regards the quantity y as a measure of pliability, it has been found 
that the value may be assumed to be 3 in all cases. The effect of experi
mental errors on the determination of y will be to produce a negative corre
lation between y and 1r 0 • It is significant that the Eggerts, according to 
Sommer (1936), actually found a high negative correlation. 

It is recommended that the value 3 should be assumed throughout, as 

in equation (5) or (5a), and that the constant A 3 be taken as a measure ·of the 
m 

resistance to compression of the sample. Or equation (11) may be applied, 
taking a common value for Q which may be decided upon after the results 
have been obtained. In that .case the coefficient P may be regarded as a 
measure of the elastic characteristics of the sample. 

An an illustration, consider the effect of the dye on the two samples of . 
yarn tested by Larose (193.4). Table 17 gives the coefficient A of equation 
(5a) and the coefficient P of equation (11). 

TABLE 17. 

The effect of the dye on the two samples of yarn tested by Larose. 

Sample. II 
A Ratio. II p Ratio. Ratio A 

p 

' (undyed) ............ 10·71 X 106 2·13 210·0 1·91 5·10 X 104 

1 (dyed) . ............. 22·78 X 106 401·9 5·67 X 10' 

2 (undyed) ....... _. .... 3 ·13 X 106 2·43 60·7 2·52 5·16 X 104 

2 (dyed) .. ............ 7·59 X 106 152·9 4·96 X 104 

Mean ................. 2·28 2·22 5·22 X 104 

' 
According to both coefficients, the effect of the dye has been practically 

the same for the two samples, in spite of the fact that the compressibility of 
one sample is three times that of the other. The table clearly illustrates the 
value of applying equations (5a) or (11) fm finding the effect of the treat
ment, and for assessing the relative degrees of compressibility of the two 
samples. 

Another illustration of the value of the equations is given by Larose's 
measurements on different masses of the same sa\nple. 'rhe samples of 3 · 26 
gm. and 4·34 gm. showed good agreement in the ratio of mass to volume at 
each pressure but the 2·20 gm sample showed agreement at the higher 
pressures only. Fitting equations (5a) and (11) to the data, the results shown 

in Table 18 are obtained. The constant B is equivalent to ( · A ·,)3 of equa-
v0 - v 

tion (5a). 
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TABLE 18. 

The coefficients of equations (5a) and (11) when fitted to Larose_' s determ.ina
tions on different 1na.sses of the same sample. 

I 
Equation (5a). I Equation (11). 

Mass. 

I I I I 
A B p Q R -
ma 

2·20 gm ................ 1·98 X 105 77 138 13·1 397 
3·26 gm . .... .. ... ...... 2·23 X 105 177 144 13·6 528 
4·34 gm ................ 2·15 X 105 168 142 13 ·5 521 

'l'he discrepancy in the smallest sample has reduced the coefficient A 3 by 
m 

about 10 per eent. and the coefficient P by about 4 per cent. These differences 
cannot be considered serious, and can be attributed to the difficulty of 
handling small samples. A large discrepancy occurs, however, in the 
coefficients B and R of the 2·20 gm. sample, explaining why Larose found 
agreement only at the ·higher pressures. The difference points to either a 
systematic error in the measurement of the pressure, or to a difference in the 
packing into the compression compartment. Since the results given ar-e the 
mean of several determinations, a systematic error in the measurement of the 
pressure could hardly have escaped.notice, and the second of the two causes 
suggested may therefore ~e regarded as probable. _ 

The main problem in the arithmetical expression of compressibility lies 
in the basis on which different wools have to be compared. Thus, samples 
may be compared on the basis of equal masses, of equal lengths of fibre, or 
of equal values of ·v 0 , the volume at zero applied pressure. Now the coeffi
cient A of equation (5) includes the cube of the mass, and the methods of 
equal masses and of equal lengths of fibre will probably yield coefficients 
differing in the sixth power of the fibre diameter, so that the fibre diameter 
can be eliminated and the t"·o coefficients reduced to a common value. 

Had the volume v 0 at zero applied pressure been well-defined and repro
ducible, this would undoubtedly have been the best basis for comparing 
different wools, at least theoretically. It is the basis adopted by the Eggerts 
(1925), and it will be shown to be the most suitable for evaluating the work 
done during compression. Where the density of packing of the fibres has 
already been increased, as in the case of felt, cloth and ev.en yarn, such a 
method is practicable, but the lack of reproducible initial condition~ in the 
case of a loose mass, and the difference between the pr.essure-volume relation 
at low and high degrees of compression, as has been stressed, precludes the 
accurate comparison of ·wools on the basis of equal values of v

0
• On such a 

basis the most satisfactory method would probably be to calculate v 0 from the 
relation fitted to the later values. 

With the dynamic method employed in the present study, samples can 
be compared only on the basis of equal masses, and this basis has been 
adopted in the present study. When the compressibility of a sample is 
estimated by hand, it is probable that the judge will grasp a constant volume, 
i.e., a constant value of v 0 • On the other hand, the manufacturer employs 
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the weight as a fundamental quantity. Which o£ the two methods o£ com
parison conforms to manufacturing practice remams a matter for 
investigation. 

The method of expressing compressibility by means of the work done 
during compression.-Some previous investigators have attempted to express 
the compressional characteristics o£ a sample by means of the work done 
during compression, and have compared different samples by the work done 
in compressing the samples between the same limits o£ pressure. Since the 
work done is an integration o£ the function p.dv between volume limits, the 
question arises as to whether the limits employed are justifiable. 

When different masses o£ the same sample are to be compared it is clearly 
necessary that the limits should be so chosen that the work done is propor
tional to the mass. The work done per unit mass will then be the same 
whatever the mass chosen £or the determination. Since the ratio "o£ mass to 
volume is the same for all masses o£ the same sample at any pressure, ·and 
therefore at zero pr·essure, the above condition will be fulfilled when the 
limits chosen are v0 , . the volume at zero pressure, and s-ome fraction o£ v 0 

which is the same for all masses. For the same sample, such volume limits 
will also be given by equal pressure limits. 

When two different samples are to be . compared on the basis o£ equal 
masses, the ratio o£ mass to volume is not the same for the two samples, and 
the theoretical and practical significance of a comparison o£ the work done 
between volume limits given by equal pressure limits is not quite clear. 
When the lower limits are V 0 and the upper limits the same fraction of v 0 for 
the two samples, the ratio o£ the work done per unit mass is the ratio of the 
coefficients o£ resistance to compression [e.g., A in equation (5)], multiplied 
by a factor involving the: respective values o£ v 0 • Thus on the basis of 
equation (5), the ratio o£ the work done per unit mass is given by 

:: = ~: . {:: :::r· ................................... (28) 

As a practical illustration, the data o£ Larose may again be utilised. 
When equations are fitted to the data, the work . done may be evaluated 
between any limits o£ volume. The results are given in Table 19. 

TABLE 19. 
The work done, in arbitrary un1:ts, in compressing four samples of yarn at 

50 pm· cent. rela1tiv·e humidity, as calculated for various limits of volu.me 
from dat(JJ by Larose. 

VOLUME LIMITS GIVEN BY-

Sample. Equal Limits of Pressure. Equal Limits of v 

Vo 

I 
w 

I 
Ratio 

w -- w Dyed/ 
(v0-v) Undyed. 

1 (undyed) ...... . . . ..... . ....... 4,016 109 4,658 1·67 
1 (dyed) ............ . .... . ...... 4,196 99 7,770 

2 (undyed) ............. . ... . .... 3,288 ll2 2,282 1·62 
2 (dyed) . . . . . . . . .... . ...... . .. . . 3,780 108 3,700 
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Limits of volume given by the same limits of pressure give the work 
done in the same order as the coefficients of resistance to compression, but not 

in the sanie relative magnitude (Table 17). The ratio W or ~' is the · v0 v0 - v 
equivalent result obtained from the area of the curve when pressure is plotted 

as a function of .!. , a method employed by vVinson. This procedure i& clearly 
Vo 

not sufficient for comparing the samples, when equal pressure limits are 
employed, as the values are practically the same. 

When the integration is pedormed between the same limits of '!!..._ the 
Vo 

ratio of the dyed to the undyed values is the same for the two samples, 
although somewhat smaller than the ratios given by coefficients A and P on 
account of the smaller volume occupied by the undyed sample at zero pressure 
in each case. 

When the samples are compared on the basis of the same limits of 
volume, the ratio of the work done, assuming the samples to follow equation 
(5), is equal to the ratio of the coefficients A, multiplied by a factor which 
contains the cubes of the volume at zero pressure. This is the method 
employed in tho " Pendultex " apparatus, but it is not satisfactory in the 
case of static methods, since the volume occtipied by one sample at 
the highest pressure ·employed may still be greater .than the volume occupied 
by another sample of equal mass at zero pressure. 

When it is desired to compare samples by the work done in compressing 
them by static methods, the most profitable limits of volume appear to be 

those given by the same limits of ~. It is recommended that the calculated 
Vo 

value of V 0 should be employed for this purpose. 

The method of expressing resilience.-Larose considered that the com
pression curve alone was sufficient to specify the degree of harshness of his 
samples. The coefficient P, for example, as given in Table 17, had the values 
60·7, 152·9, 210·0 and 401·9 when the samples were placed in increasing 
order of harshness as tactually estimated. . 

Henn!ng regarded the compression curve as of supreme importance, 
arguing on the basis that the wool having a superior compression curve would 
also have a superior release curve. This argument may be valid in the case 
of untreated wools, but the possibility exists that the extent of the hysteresis 
may be altered by chemical treatment. In this connection attention must 
be drawn to the work of Speakman, Stott and Chang (1933) on the load
extension curves of wool fibres immersed in acids and alkalis and in water 
at various temperatures. 

While the compression curve may readily be represented by an analytical 
equation~ this is hardly practicable inf(the case of thel release curve, and the! only 
convenient method of studying the release conditions and the hysteresis effect 
is by means of the work done. Thus Winson took the area of the hysteresis 
loop as a measure of resilience, stating that tliis quantity appeared to corres
pond to the trade impression of " springiness ". As other authors have 
pointed out, the use of the term " resilience " cannot be justified in this 
sense, nor can its use by Schiefer (1933) as the difference in the work done 
between the, compression and release operations expressed as a ratio of the 
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It 

work done during compression. Resilience is usually defined as the energy 
stored in a strained elastic body. Granting the importance of the hysteresis, 
attention must, however, again be drawn to the questionable practice of 
evaluating the work done between volume limits given by equal limits of 
pressure. 

In this connection consider the work done during compression and release 
in the case of four yarns tested by Larose, as given in Table 20. 

TABLE 20. 
The w01·k done, ill- a1·bitrary units, in comP'ressing and releasing the four 

samples of yam tested by Larose at 50 pe1· cent. 1'elative humidity . 

. WORK DONE. 

Sample. 

Compression. Release. 
I 

Difference. 
Percentage 
Difference. 

I 
Per Cent. 

1,872 2,144 53 
1,956 

I 
2,240 53 

1,744 1,544 47 
1,612 2,168 57 

1 (undyed) ..................... - · 4,016 
1 (dyed).................... .. .. 4,196 
2 (undyed).. . ............... . ... 3,288 
2 (dyed) ............ :........... 3,780 

The work done as given in Table 20 was evaluated between volume limits 
given by equal pressure limits, the form in which the data were given. The 
values for difference and percentage difference are too close together to be of 
practical value, and the r·esults suggest that no difference exists between the 
samples as regards percentage hysteresis. According to vVinson, three of the 
samples would have to be classed as having the same springiness. It h as 
been demonstrated that the most profitable method of evaluating the work 
done during compression is by means of volume limits given by the same 

limits of ~. It is reasonable to expect that the same applies to the hysteresis. 
Vo 

Such a method corresponds to that successfully employed by Speakman, 
Stott and Chang (1933) in their work on the extension of single fibres, since 
each fibre was extended by 30 per cent. of its otiginal length. 

The value of the compression curve has been demonstrated, and applica
tions will be found in Part II of this paper, but the practical significance of 
the hysteresis effect needs investigation. Such determinations as have been 
made can be regarded as of little .. value owing to the failure of the investi
gators concerned to employ the correct limits of volume in evaluating the 
work ·done. 

APPENDIX A. 

Method employed for fitting the equation 
Qm 

p = Pe (v-v')- R .................. . ......... · ..... (11) 

Fitting was accomplished in two stages. First approximate values of the constants 
P, Q and R were derived, and these were next improved upon by successive approxi
mation. 
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1. Approximate values. 

Pressure was plotted as a function of -~, and a smooth free-band curve was 
(v - v') 

drawn through the points. From the curve, pressure was read off at equal intervals 

of _m __ , and designated p0 , Pv p 2 • For the observations to fit the equation 
. (v - v') · . 

a linear relation had to exist between Pn and p,. + ~> a relation expressible in the form 

p,. + R = e0
x. (p,.+ 1 + R), 

m 
where x was the interval between successive values of . The constants Q and 

. (v- v') 
R could thus be determined, and P could be calculated from the original observations. 

2. The constants so obtained were regarded as approximations P', Q' and R' such 
that 

P = P' +a 
Q=Q'+f3 
R = R' + y 

Now if p = f (P,Q,R, m ) where p was the observed value and p' was the 
(v- v') 

value of p given by the approximate constants, the values of a, f3 andy could be obtained 

by making 1: (a. dj + f3. dj + y. dj + p'- p) 2 a minimum. (See Scarborough, 1930). 
dP • dQ dR 

It was found necessary to repeat the calculation at least three times before 
sufficiently small values for the corrections a, f3 and y were obtained. 

With the static cylinder and pist<;>n method employed in the present study, the 
pressures were given by weights and were therefore determined with riegligible error, 
The equation was consequently fitted by regarding p as the independent variable, and 
taking 

m 
= j(P,Q,R,p). 

(v- v') 

For the satisfactory fitting of any equation it is necessary that one of the variables 
should have been measured with negligible error. This condition was not fulfilled by 
the results published by s_ome previous investigators, since certain measurements entered 
into the evaluation of both pressure and volume. Both variables must therefore be 
considered as having been measured· with sensibly the same error. 

APPBNDIX B. 

Table of the indefinite integral J e~. dx, for values of x from 0 ·4 to 2 ·5 at intervals 

of 0·001, employed for evaluating the work done in compressing a wool sample, when 
the relation between pressure and voluq1e is given by 

Qm 
p = Pe (v-v')- R . ................................ (11) 
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