the literature that predicts air jet spun
yarn strength. To achieve the best air
jet yarn quality, this necessitates know-
ing the relationship between fibre prop-
erties, yarn structure and yarn prop-
erties, which can demonstrate which
factor is more important. Furthermore
it indicates the limits of each factor.
Mathematical models are usually used
to describe and explain such relation-
ships. Numerous researchers have made
a good contribution to this topic, many
of whom presented mathematical mod-
els for ring-spun yarns [15-19] and rotor
yarns [20]. Nevertheless mathematical
models of air jet spun yarns are limited
[21, 22]. Rajamanickam et al. present-
ed mathematical models that predict air
jet yarn strength. They also obtained
a mathematical relationship between the
yarn’s breaking load and its structure.
The model also classified the modes of
yarn failure into noncatastrophic (due to
partial fibre slippage or breakage at the
point of yarn failure) and catastrophic
(due to complete fibre slippage or break-
age at the point of yarn failure) [23, 24].
However, they obtained a prediction er-
ror which was quite high. In this article,
their model has been modified to target
better prediction accuracy.

@ Material and method

100% Viscose fibres (38 mm) were spun
to produce air jet spun yarns. After the
carding process, the sliver was drawn us-
ing three consecutive drawing passages
in order to enhance fibre orientation and
sliver evenness. The sliver of 3.5 ktex
drawn was spun using a Rieter air jet
spinning machine J20 (Switzerland) to
produce yarns with different counts and
machine parameters. The Box-Behnk-
en factorial experimental design is an
efficient method to reduce the number
of experiments required to study the
parameters and their combined effect,
and in our study it was used to obtain
the combination of yarn count, delivery
speed and nozzle pressure. Table 1 shows
the parameters chosen and their values.
Itis notable to mention that spinning
one sample with the level code (-1, 1, 0)
was impractical because the end break-
age rate was very high, which obstructed
the spinning process. Therefore a total of
12 yarn samples were spun and tested.

The fibres used and yarns spun were
conditioned for 24 hours at 20+2 °C and
65+2% relative humidity prior to test-
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Figure 1. Schematic diagram of the yarn formation zone on a Rieter air jet spinning machine

(adapted and reproduced [4]).

Wrapper

Core

Figure 2. Simplified model of short staple air jet spun yarn.

ing. The fibre strength and fineness were
measured using a Lenzing Vibrodyn-400
(Austria) according to ENISO1973. The
fibre length distribution was obtained
using a Sinus instrument (England) ac-
cording to ASTMD1447. SEM analysis
was performed to analyse the yarn struc-
ture, where samples were coated by gold
sputtering for 45s and analysed by means
of a yarn longitudinal view using a Carl
Zeiss — EVO-LS10 Scanning Electron
Microscope (Germany) operated at
a voltage of 2 kV. The yarn number of
wraps per meter and average helix angle
were measured. The yarn diameter was
measured using an Uster tester accord-
ing to ASTM1425 (Switzerland). Yarn
strength was measured at a short gauge
length (30 mm) using a Labortech in-

Table 1. Spun yarn production parameters.
Level codes

Parameters
Yarn count, tex 16 23 30
Delivery speed, m/min 350 | 400 | 450

-1 0 1

Nozzle pressure, bar 4 5 6

strument according (Czechia) to ASTM
D2256. The ordinary least squares re-
gression model was used to analyse the
test results and obtain a regression Equa-
tion (1).

; L4UE WEW v E Yy |
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Figure 3. Force analysis of air jet yarn before and during axial tensile loading (adapted

and reproduced [21]).

Where Y is the dependent variable, X,
X, X, the independent variables, 3, the
regression equation constant, £, 8, 5, the
linear coefficients, f;, B, B, the interac-
tion coefficients, and S, B, By, are the
quadratic coefficients.

Derivation of mathematical
model

In the current model, the air jet yarn
structure has been divided into the
core, which is almost parallel fibres,
and wrapper, which is in a helical form.
The core strand strength has been calcu-
lated as a parallel bundle of fibres. This
strand is also subjected to the normal
forces of the wrapper fibres. Therefore
the frictional forces applied to the core
fibres strand have been calculated. In
addition, the strength of the wrapper fi-
bre strand has also been calculated. It is
worth mentioning that the predicted core
fibre strand has been calculated based on
the assumption that the fibres are gripped
between two jaws and the gauge length
of the yarn tensile tester is less than
the fibre length. Consequently to verify
the model, the air jet yarn strength was
measured at a gauge length shorter than
the fibre length. Given that the irreg-
ular nature of the air jet yarn structure
originated from the yarn twist, which is
inserted pneumatically rather than me-
chanically as in ring spun yarn, the air jet
yarn structure was assumed to be ideal,
as shown in Figure 2. The wrap width
and height are constant and distributed
regularly along the yarn axis; the helix
angle is constant, and core fibres are
straight and parallel to the yarn axis.
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Determination of core fibre strength
There are two components that contribute
to core yarn strength: firstly the strength
of a parallel bundle of fibres gripped be-
tween the two jaws of a tensile testing
instrument, and secondly the strength of
that bundle originating from a fibre-to-fi-
bre frictional force caused by the normal
forces from the wrapper fibre strand dur-
ing the extension process, assuming that
the yarn cross-section is circular and
remains so till breaking. To obtain the
normal forces on core fibres, Krause et
al.’s model was used [21, 22]. By ana-
lysing the forces acting on an element of
a wrapper fibre, as shown in Figure 3,
and following the same derivation steps,
Equations (2-7) have been used to cal-
culate the average strained wrapper fibre
helix angle a, the average strained pitch
of wrapper fibres p, the strained yarn
radius », and normal forces exerted by
wrapper fibres per unit length N.

e, = 2(sina,)* — 1+

+JQ@Gina,)? =D +e(2+ef) (2)

e = —e, 3)

sina = (i:;) sina, 4)
p= po(l + ey) Q)
r=r1+e.) 6)

N = i’ )

r

Where e, expresses the yarn longitudinal
strain, a, the average unstrained wrapper
fibre helix angle, e, the fibre elongation

at break, e, the yarn lateral strain, p, the
average unstrained pitch of wrapper fi-
bres, o, the fibre breaking load, and r,is
the unstrained yarn radius.

Therefore the total frictional forces on
core fibres o, as a result of the total nor-
mal forces exerted by the wrapper fibre
strand can be obtained as follows,
of(sina)® w Ty,

o1 =V Too Ts ®)

Where, u is the fibre friction coefficient,
T, yarn linear de;nsﬁy, W the wrapper fi-
bre percentage in the yarn, 7, the fibre
linear density, and v, the yarn packing
density (assumed constant = 0.6 [25]).

To calculate the other component of core
fibre strength, assume a short staple fi-
bre yarn is gripped between tensile test-
er gauges with a gauge length less than
the fibre length. And assuming that these
fibres are straight, parallel to the yarn
axis, have equal circular diameters, no
slippage occurring between core fibres
due to the usage of short gauge length,
inter-fibre friction so small that it can be
ignored, and that the individual fibre po-
sition in the yarn is random, then using
the Neckai’s theory of a parallel fibre
bundle [25], the fibre length utilization
factor 7 can be calculated using the fol-
lowing formula,

n= {folmax (1 - %) V(l) dl,h < lpax
0 vh = Lags

©

Where, & denotes the gauge length, / the
fibre length, and y(/) is the mass fraction
function, which is the summation of the
partial mass fractions of each fibre in the
yarn, and can be calculated by analysing
the fibre length distribution graph and us-
ing the following formula:
y() =3k, (10)
Where, m, is the mass of the j™ fibre and
m is the mass of the yarn calculated at
the maximum fibre length. The value of
y(/) ranges from 0 to 1. If all fibres in the
yarn have the same length and are equal
to the maximum fibre length, then y(/)
will be equal to 1 and the parallel bundle
strength will be a function of the gauge
length only. Thus the core fibre strength
as a parallel bundle gripped between two
jaws o, can be obtained using Equa-
tions (9) and (10) as follows,
100-W T,
= % 1o ﬁ

(11)

02
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Wrapper fibre strength component

The following assumptions were taken
into consideration: (a) a uniform normal
pressure exists on core fibres due to the
wrapping effect; (b) the wrapping angle
is constant, and (c) fibres break simul-
taneously due to extension at a gauge
length less than the fibre length. It is
possible to obtain the total wrapper fibre
strength o, using the following relation
[21].

Wy

03 = 07 COS @ — -2
3 f 1007

(12)

According to Equations (2-12), it is pos-
sible to obtain the yarn strength o, as
follows:

oy = 01+0; + 03 (13)
The yarn wrapper ratio W can be consid-
ered as the average volumetric ratio be-
tween wrapper fibres and yarn at differ-
ent yarn sections; thus it can be obtained
using the following formula,

__ c(B2-4%)
T C(B2-A2)+42D

(14)

EHT = 2.00 kv

WD =16.5 mm

100 X

Mag =

Figure 4. 30 tex viscose yarn longitudinal view under SEM.

Results and discussion

Table 2 shows the fibre parameters that
were obtained and used as an input for
the calculation, while Table 3 shows
the theoretical and experimental yarn
strength values along with its corre-
sponding structural parameters measured
under SEM. Results show that the model
proposed exhibits good agreement with
experimental results of the yarn breaking
load, where the prediction error varies

tio, and in the number of wraps per unit
length. The squared multiple regression
coefficient (R?) along with the regression
equations (response surface equations)
were estimated for the experimental and
theoretical yarn strength as shown in Ta-
ble 4. All regression coefficients and their
P-values are given Table 5.

Table 2. Viscose fibre properties.

Figure 4 shows a 30 tex yarn longitudi-  from 2-13%. The higher values of pre- Fibre friction coefficient, - 0.35
. . . . H H H 0,

nal view under SEM. Random yarn sec-  diction error could be ascribed to the var- F!bre l’_reak'"g elongation, % 19.4

tions were analysed and parameters 4, B,  iation in the values of wrapper fibre helix Fibre fineness, tex 013

C and D obtained Fibre breaking load, cN 3.28

angle measured, in the wrapper fibre ra-

Table 3. Theoretical and experimental yarn results. Note: * The values in brackets indicate the coefficient of variation (CV%) of the

parameter measured.

Actual yarn Wrapper Yarn Average unstrained Yarn Predicted yarn | Experimental yarn Prediction
Sample count, fibre ratio, diameter, wrapper fibre helix angle, wraps breaking load, breaking load, error,
tex % mm rad per meter cN cN %
1 15.9 33.36 (19) 0.20 0.45 (23) 825 224.41 237.85 5.65
2 15.6 28.82 (42) 0.23 0.40 (31) 714 195.42 214.95 9.09
3 16.4 33.25 (18) 0.21 0.45 (19) 700 237.64 241.55 1.62
4 224 34.3 (21) 0.24 0.55 (13) 668 347.37 401.99 13.59
5 22.6 31.82 (27) 0.23 0.53 (18) 698 329.07 370.19 1.1
6 22.6 32.85 (28) 0.28 0.51 (22) 635 323.97 372.39 13
7 22.7 37.01 (20) 0.25 0.54 (16) 658 366.74 377.68 2.89
8 224 37.74 (15) 0.25 0.55 (15) 685 366.83 404.85 9.39
9 294 37.14 (18) 0.27 0.59 (17) 629 490.97 552.92 1.2
10 294 39.42 (9) 0.29 0.61(18) 562 525.39 551.58 4.75
1" 29.5 35.96 (18) 0.29 0.62 (19) 545 502.52 522.89 3.89
12 29.4 36.4 (21) 0.27 0.64 (10) 619 502.49 562.38 10.65

Table 4. Response surface equations for yarn properties tested. Note: “X,: yarn count, tex, X,: yarn delivery speed, m/min, X,: nozzle

pressure, bar.

Dependant variable Response surface equation R?, %
Experimental strength, cN -821.9 + 22.4X, + 2.4X, + 94.4X; — 0.2X,2— 0.01X;2 — 19.2X2 + 0.01X,X; + 1.4X,X; + 0.2X,X; 95.5
Theoretical strength, cN -569.5 + 8.3X, + 1.8X, + 81.9X; + 0.07X,%2 — 0.005X,2 — 17.4X,? + 0.04X;X, + 0.9X,X; + 0.3X,X; 98

Table 5. P-values of the experimental strength model and its coefficients. Note: "Statistically significant at 95% confidence level.

Regression model F,
P-value

0.02*

Coefficient Bo Bi B; B Bi Bix Bix Bii Bi Bk

P-value 0.01* 0.00" 0.00* 0.02* 0.01* 0.04* 0.00* 0.00* 0.00* 0.03*
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Figure 5. Combined effect of a) yarn linear density and delivery speed, b) yarn linear density and nozzle pressure, and c¢) nozzle pressure

and delivery speed on yarn strength.

Figures 5 shows the influence of the lin-
ear density, delivery speed and nozzle
pressure on yarn strength. The analysis
of variance showed that the differences in
yarn strength are statistically significant
at a 95% confidence level. It is obvious
that the linear density has the maximum
effect on yarn strength. As shown in Fig-
ure 5.a, 5.b), coarser yarns of 30 tex have
higher strength than finer yarns of 16 tex,
due to the increase in the number of fi-
bres in the yarn cross-section, thus the
existence of a higher proportion of core
fibres that bear the load exerted on the
yarn. The same trend also exists in MVS
yarn [10].

Figure 5.c shows that increasing the yarn
delivery speed from 350 to 400 m/min
results in increasing the yarn strength,
particularly at 6 bar; but when using
ahigh delivery speed of 450 m/min,
a deterioration in yarn strength of about
7% occurs, which is a consequence of
the insufficient time for the whirling ac-
tion to take place in the vortex chamber,
resulting in an increment in the number
of wild fibres and regions of unwrapped
core fibres [26].
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Also from Figure 5.c, it is observed that
the yarn strength increases when the noz-
zle pressure increases from 4 to 5 bar, and
then decreases gradually when it reach-
es 6 bar, because the rise in air pressure
initially causes tight regular wrappings
and more wrapped portions of the yarn;
but higher air pressure creates irregular
wrappings and increases the wild fibres.
The same trend is also confirmed for
MVS yarn [10]. However, it should be
noted that unlike fine yarns, when using
the high pressure of 6 bar, the strength of
coarse yarns did not change (Figure 5.b).
By observing the trend of the theoretical
and experimental values of yarn strength
in Figure 5, it can be concluded that the
mathematical model captures the change
in yarn strength well as the yarn linear
density, delivery speed and nozzle pres-
sure change.

B Conslusions

This study focuses on the effect of
yarn count, nozzle pressure and deliv-
ery speed on Rieter air jet spun yarn
strength. It is clear that coarser counts
have a higher tensile strength. Increas-
ing the nozzle pressure results in increas-

ing tight regular wrappings and more
wrapped portions, and consequently the
yarn strength increases initially, but later
on it decreases at higher pressures be-
cause of the incidence of irregular wrap-
pings, and an increase in wild fibres and
fibre loss. Using high delivery speeds
deteriorates the yarn tensile strength
because of the insufficient time for the
whirling action to take place in the vor-
tex chamber, which results in an incre-
ment in the number of wild fibres as well
as the regions of unwrapped core fibres.
Response surface equations showed that
the yarn count range taken (16-30 tex)
has the maximum effect on yarn tensile
strength. Moreover maximum tensile
strength values (greater than 522 N) are
obtained at coarser counts (30 tex). For
seeking the optimal machine setting it
is suggested to adjust the delivery speed
within the range of 350 to 400 m/min and
nozzle pressure to 5 bar for the whole
range of yarn linear density. These set-
tings are similar to the optimal running
conditions of the MVS to a great extent.
The general trend of the influence of the
parameters studied on the Rieter air jet
yarn strength was found to be similar to
its corresponding MV yarn.
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Based on fibre parameters and air jet
spun yarn structural parameters, it is pos-
sible to predict the air jet yarn strength
at a short gauge length using the model
presented in this article. The model cal-
culated three components of strength:
the core strength as a parallel bundle of
fibres, the wrapper fibre pressure on core
fibres, and the wrapper fibre strength.
The model may be developed to calculate
the yarn strength at a longer gauge length
(500 mm).
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