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The notations used in this paper
are as follows:

R - gas constant (= 8.314J/molK),

ug - frictional coefficient between the
airflow and the tube B wall,

Lp - length of the cylindrical tube B,

Dp  -innerdiameterofcylindricaltubeB,

k - adiabatic coefficient (= 1.4),

We2 - frictional coefficient of tube C2,

Lcy - length of tube C2,

D¢y - inner diameter of tube C2,

Tp - atmospheric temperature of
workshop,

C, - specific heat at constant pressure,
Py - pressure of main tank,
Tr - airflow temperature of main tank,

My, - mach number of airflow at tube A
exit,
Py> - the pressure of tube A exit,

Ty - airflow temperature of tube A
exit,

V4o - airflow velocity of tube A exit,

cq2 - sonic velocity of tube A exit,

p42 - airflow density of tube A exit,

myy - mass flow of tube A exit,
Py> - airflow pressure of tube A exit,
Ayo - sectional area of tube A exit,

P42 - airflow density of tube A exit,
Vo - airflow velocity of tube A exit,
- airflow pressure of tube B exit,
- sectional area of tube B exit,
Vg - airflow velocity of tube B exit,
pp2 - airflow density of tube B exit,
it,. - mass flow of tube B exit,

Mp; - airflow Mach number of
cylindrical tube B inlet,
Mp, - airflow Mach number at tube B

exit,
Py - airflow pressure of tube C1 exit,
Acyz - sectional area of tube C1 exit,
Voo - airflow velocity of tube C1 exit,
pciz - airflow density of tube C1 exit,

m. - airflow mass flow of tube CI exit,

My - airflow Mach number of tube C2
inlet,

Tco1 - airflow temperature of tube C2
inlet,

Vear - airflow velocity of tube C2 inlet,
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Study on Pneumatic Weft Insertion
Behaviour in Main Nozzle

Abstract

In this paper, with the aim of analysis, the main nozzle was divided into four part (tubes).
This allowed to analyse detailed airflow parameters of each tube, and introduce a method
of experiment to test the airflow velocity in the exit nozzle and weft tension in the main noz-
zle. On the basis of fluid dynamics, the pull force formula of main nozzle on an air jet loom
was determined in this paper. The theoretical findings agreed well with the experimental.

Key words: weft insertions, unsteady flow, pull force, main nozzle, testing.

pc2;1 - airflow density of tube C2 inlet,
ccap - airflow local sonic velocity of

tube C2 inlet,

M o3 - airflow Mach number of tube C2
exit,

Tcoo - airflow temperature of tube C2
exit,

Voo - airflow velocity of tube C2 exit,

pc22 - airflow density of tube C2 exit,

Pcyy - airflow pressure of tube C2 exit,

ccaz - airflow local sonic velocity of
tube C2 exit.

Introduction

The air jet loom is popular in the textile
industry because of its high productiv-
ity, convenient controllability, and wide
variety of products manufactured from
it fabrics. In order to improve airflow
efficiency, many researchers have stud-
ied this, using the quantitative analysis
method with different paths in the air jet
weft insertion of the air jet loom [1-5].
Despite several decades of intensive re-
search, the varieties of friction coefficient
values of yarn, nozzle shape and working
accuracy of the nozzle continue to make
the theoretical arithmetic hard to predict,
and so there are always some differences
between the calculated and measured
values. For this reason, this paper also

employs theoretic analysis and experi-
ment to explain how each parameter of
the main nozzle affects the pull force of
the airflow on the weft (hereinafter ab-
breviated as PF).

Structure analysis
and calculation
of airflow parameters

The structure analysis of main nozzle

The Reynolds number is about 106 when
the main nozzle of the air jet loom is
filled with air [6]. So, the airflow of the
air jet weft insertion is turbulent with low
pressure, a small quantity flow and a sub-
sonic velocity. Figure 1 shows an exam-
ple of the main nozzle structure, where A
is the nozzle body, B is the nozzle needle,
C is the thread tube (it also can be divided
into tube C1 and tube C2), D is the weft
inlet, a is the airflow inlet, b is the first air
chamber, c is the rectifier tank, d is the
second air chamber, e is the throat, f is
the nozzle needle exit, and g is the weft
acceleration zone.

Compressed air flows from the main tank
to the main nozzle through airflow inlet
a. The first air chamber b is cyclic, the
airflow flows along the axis and circles

Figure 1. Single channel main nozzle structure, A-nozzle body, B-nozzle needle, C- thread
tube, a- airflow inlet, b- first air chamber, c- rectifier tank, d- second air chamber; e- throat,

- nozzle needle exit, g- weft acceleration zone.
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Figure 2. Schematic diagram of main nozzle
needle.

when it enters the first air chamber, and a
high-speed eddy flow comes into being.
Rectifier tank ¢ has many grooves along
the circle, the high-speed eddy flow can
be adjusted and becomes a direct current
when it passes the rectifier tank. The
second air chamber d is also cyclic, the
airflow can be accelerated and becomes a
subsonic axial flow. The airflow reaches
sonic velocity when it passes throat e.
Thread tube C is a constant section of
the pipe. When the airflow flows into the
thread tube from nozzle needle exit f, the
airflow of tube B is towed by the high
speed airflow, weft can enter the thread
tube from weft inlet D, and the weft is
then accelerated in the thread tube. It is
obvious that the functions of the nozzle
needle are to accelerate airflow and make
threading more convenient. The acceler-
ated motion of weft is finished in the
thread tube.

We divided the main nozzle into four

parts called Tube A, Tube B, Tube Cl,

and Tube C2 which may be identifield in

Figure 1 by the following descriptions:

Tube A: a convergent-divergent noz-
zle outside of main nozzle
needle.

Tube B: a converging nozzle inside

the main nozzle needle.

Tube C1: from the nozzle needle tip
(x=0) to x’D=15 where x is
the length of the thread tubes.
This tube may be regarded as
an air ejector. (The x/D=35
point is called the ‘uniformly

mixed flow point’.)

Tube C2: from the ‘uniformly mixed
flow point’ (x/D=15) to the
thread tube exit. This tube is
an adiabatic frictional cylin-

drical pipe.

Structure analysis of tube A
and calculation of airflow parameters
of the exit

This tube belongs to the convergent-di-
vergent nozzle. For the air jet loom, we

considered the gas stagnation point of
tube A to be the main tank. On the basis
of the property of the one-dimensional
isentropic compressible flow, the follow-
ing relationships are obtained:
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The airflow parameters of the exit can be
calculated by the system of equations (1).
Based on these calculations, we are able
to state that the airflow speed at throat
will obtain sonic velocity when the air
pressure reaches 3 atm at the inlet. Based
on the convergent principle, if we con-
tinue to increase the pressure supplied,
the exit velocity cannot increase, it is
equal to 1 Ma, and only the exit pressure
increases. The ratio of the air exit pres-
sure to the inlet pressure is 0.5283.

Structure analysis of tube B
and airflow speed calculation

This tube may be regarded as a composite
tube that consists of an isentropic flow-
converging nozzle and a constant-section
friction tube. Figure 2 shows an ampli-
fied schematic diagram. The airflow is
accelerated in the converging tube, but its
velocity cannot exceed the sonic velocity.
Whether or not it reaches sonic velocity,
it is along the length of the cylindrical
tube. Before the airflow velocity reaches
the sonic velocity, the air pressure of
the exit is invariable, and always equals
to the exit pressure of tube A. Here,
the weft is pulled and enters the thread
tube. On the basis of the theory of the
constant-section adiabatic flow friction
tube, the airflow velocity tends towards
sonic velocity. For subsonic airflow in
the inlet, the airflow is accelerated in the
cylindrical tube. In contrast, for super-
sonic airflow in the inlet, the airflow is
decelerated in the cylindrical tube.

Now we consider the cross section,
which connects the converging tube
and the cylindrical tube, as section 1;
the parameters of section 1 are marked
with the subscript 1. We consider the exit
cross section as section 2; the parameters
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of section 2 are marked with the sub-
script 2. According to the fundamental
equation of fluid mechanics [7, 9], we
obtain equation (2):
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where: Mp, can be obtained through an
analysis of tube C1, and so Mp| can be
solved by numerical approximation [8].

Structure analysis of tube C1
and airflow parameters calculation
of tube B exit

This tube can be regarded as an air ejec-
tor. The high velocity airflow from tube A
elicits the airflow of tube B, and let weft
into the thread tube without hindrance.
On the basis of the continuity equation in
unsteady flow, the mass flow (i, +#,.}
that flows into tube C1 should be equal
to the mass flow 1m,.Ithat flows out
tube C1:
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On the basis of momentum equation in
unsteady flow, the sum of the intensity
pressure resultant force and the momen-
tum flux in tube C1 inlet should be equal
to that of tube C1 exit:
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On the basis of energy equation in un-
steady flow, the sum of enthalpy and ki-
netic energy flux in tube C1 inlet should
be equal to that of tube C1 exit:

" Figs
ol e Ely=

i

1pe: 2
(5)

SR T
2 s

11 -
4+

Ly

="':.1::1. L3

=1

=)
‘]
-

Air parameters of the tube Cl exit can
be obtained through an analysis of tube
C2 by substituting them into equations
(3) ~ (5), the air parameters of tube B
exit can then be calculated.

Structure analysis of tube C2
and calculation of airflow parameters

This tube is a constant-section adiabatic
flow friction tube (see Figure 1). We are
able to test the exit velocity by the foll-
owing experimentation, and then from
the system of equations (6), the airflow
parameters of tube C2 exit and the inlet
speed of tube C2 can be calculated.
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Figure 3. Schematic diagram of hot wire anemometer measuring

speed.

Table 1. Airflow parameters of key points in main nozzle.

Pressure, Pa 150
Mach number 0
Air parameters
of main tank Temperature, K 296
Speed, m/s 0
Density, kg/m3 1.766
Pressure, kPa 114.00
Mach number 0.639
Air parameters
of tube A exit Temperature, K 273.67
Speed, m/s 211.78
Density, kg/m3 1.451
Pressure, kPa 101
Mach number 0.457
Air parameters
of tube C2 exit Temperature, K 284.13
Speed, m/s 154.41
Density, kg/m3 1.242
Pressure, kPa 117.77
Mach number 0.395
Air parameters
of tube C2 inlet Temperature, K 287.04
Speed, m/s 134.15
Density, kg/m3 1.430
Pressure, kPa 237.54
Mach number 0.300
Air parameters
of tube B exit Temperature, K 290.51
Speed, m/s 102.66
Density, kg/m3 2.849
March number of tube B inlet 0.298
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When airflow flows with subsonic veloc-
ity, an increase in the pressure supplied
leads to an increase in the airflow veloc-
ity, and in the pressure of the thread tube.
However, the exit pressure of tube C2
does not change; it is the same as atmos-
pheric pressure. When an increase in the
supplied pressure leads to the level of the
exit pressure of tube C2 reaching sonic
velocity, if we continued to increase in
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the pressure supplied, then the exit ve-
locity would not be able to increase, but
instead the exit pressure would increase.
Hence, the PF would also increase. Be-
cause the air jet loom always works at
subsonic velocity, we consider the exit
pressure of tube C2 to be constant. Simi-
larl to tube B, airflow is accelerated in the
thread tube. Because tube C2 is longer
than tube B, weft gets a larger PF in tube
C2 than that of tube B.

An experiment with the air speed
of tube C2 exit

In order to calculate the PF by using
a derivational equation, we needed to
know the Mach number which was
found at the exit of nozzle. We used a hot
wire anemometer to measure the airflow
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Figure 4. PF testing device.

200 220 250 280 300 320 350 380 400 430
0 0 0 0 0 0 0 0 0 0
296 296 296 296 296 296 296 296 296 296
0 0 0 0 0 0 0 0 0 0
2.354 2.590 2.943 3.296 3.531 3.767 4.120 4.473 4.709 5.062
131.08 136.81 144.52 151.38 158.49 169.06 184.91 200.75 211.32 22717

0.801 0.853 0.921 0.980 1 1 1 1 1 1
262.34 | 258.43 @ 253.10 148.30 | 246.57 | 246.57 | 246.57 | 246.57 @ 246.57 | 246.57
260.05 | 274.73 | 29359 | 309.55 | 314.76 | 314.76 @ 314.76 | 314.76 | 314.76 | 314.76

1.741 1.845 1.990 2.124 2.239 2.388 2.612 2.836 2.986 3.209

101 101 101 101 101 101 101 101 101 101

0.608 0.661 0.746 0.791 0.826 0.853 0.896 0.928 0.951 1.000
275.62 | 272.22 @ 266.36 | 263.08 | 260.08 @ 258.40 @ 255.05 | 252.51 250.66 | 246.67
202.33 | 218.61 244.05 | 25717 | 267.13 | 27485 | 286.83 | 295.59 @ 301.81 314.82

1.281 1.297 1.326 1.342 1.355 1.366 1.384 1.398 1.408 1.431
133.83 | 141.04 | 154.62 | 162.52 | 169.11 17465 | 183.54 | 190.67 | 196.07 | 207.45

0.467 0.484 0.503 0.510 0.514 0.516 0.519 0.520 0.520 0.521
283.63 | 282.75 @ 281.75 | 281.37 | 281.15 | 281.04 @ 280.87 | 280.82 | 280.82 | 280.76
157.65 163.14 169.24 171.48 172.76 173.40 174.35 174.67 174.67 174.99

1.644 1.738 1.912 2.013 2.096 2.165 2.277 2.366 2.433 2.575
253.99 | 262.56 @ 283.92 | 285.76 | 291.22 & 29294 @ 297.39 | 295.61 296.16 | 308.05

0.344 0.354 0.368 0.362 0.361 0.356 0.349 0.337 0.329 0.325
289.21 288.87 | 288.33 @ 288.27 @ 288.51 288.82 | 288.96 @ 289.49 & 289.86 | 289.78
117.34 120.53 125.35 123.32 122.93 121.15 118.95 114.86 112.15 110.77

3.060 3.167 3.431 3.454 3.517 3.534 3.586 3.558 3.560 3.704

0.340 0.350 0.364 0.358 0.357 0.352 0.345 0.334 0.326 0.322

speed in the tube C2 exit. The merits of
the tester was the power of its function,
quick to operate and with high precision.
Here we adopted the IFA100 system of
TSI, which includes a Model158 compu-
ter, Model150 speed measuring module,
Model157 signal module, and Model140
temperature measuring module. Figure 3
shows its work principle.

Table 1 shows the measured/calculated
results of airflow parameters in the main
nozzle with different pressure supplied.
In this experiment, the testing conditions
were as follows:

Dc=0.004m, Lc=022m
pe = 0.004 Dp=0.0025 m
Lp=0.022m  pz=0.0025

Py=1.01 x 105 Pa
Cp = 1004.6 I/kg - K.
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Table 2. Diameter and air-drag coefficient.

Yarn d (x 104 m) Pf
13 tex cotton 1.395 0.026
13x2 tex T/C 1.881 0.033

Dynamics analysis of weft
insertion in main nozzle

We chose a random tiny yarn of length d/,
and considered the weft movement along
axis. The PF of the tiny yarn was [10]:

dF =12pprd(v-u2dl  (7)

ity. Based on atomic formulas of gas
dynamics, the PF had been analysed in
a former paper [11]. For equation (7), we
adopted symbolic integration and as the
integrating range is [M7, M;], we obtain
the integrated function as follows:
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where:
£ - the PF, where:
py - air-drag coefficient, i=1,2,

p - the airflow density,
d - the yarn diameter,

v - the airflow velocity,

u - the yarn velocity,

| - the yarn length in the main nozzle.

Because the main nozzle is short, we
should consider that py was a constant
and pydid not change with the air veloc-

P, - the pressure of nozzle exit,

My - the Mach number of inlet,

My - the Mach number of exit,

D - the inner diameter of main nozzle,
¢ - the sonic velocity.

Because tube Cl1 is short, the pull force
in tube C1 is ignored .The PF can be di-
vided into force F'1 in the friction tube of
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Figure 5. The rela-
0 REY - o — tion between supp-
a o g‘MPuaj o oo JF"J Ml:l;; L% lied pressure and

PF.

Table 3. The measured value and calculated value of pull force with different pressure.

Supplied 13 tex cotton 13%x2 tex T/C
[z;%%s#ar;e Calculate, N Measure, N Calculate, N Measure, N
F2 F1 F F F2 F1 F F

0.15 0.0330 | 0.0033 | 0.0363 0.038 0.0564 | 0.0056 ' 0.0620 0.071
0.20 0.0574 | 0.0059 | 0.0633 0.065 0.0982 | 0.0101 | 0.1083 0.111
0.22 0.0673 | 0.0058 | 0.0731 0.074 0.1152 1 0.0099 | 0.1251 0.132
0.25 0.0847 | 0.0060 ' 0.0907 0.093 0.1450 | 0.0103 | 0.1553 0.161
0.28 0.0992 | 0.0062 ' 0.1054 0.106 0.1670 | 0.0106  0.1776 0.182
0.30 0.1024 | 0.0063 ' 0.1087 0.110 0.1752 | 0.0108 | 0.1860 0.195
0.32 0.1086 | 0.0065 | 0.1151 0.121 0.1859 | 0.0111 | 0.1970 0.203
0.35 0.1185  0.0068 | 0.1253 0.127 0.2028 | 0.0116 | 0.2144 0.221
0.38 0.1265 | 0.0052 | 0.1317 0.133 0.2165 | 0.0089 | 0.2254 0.232
0.40 0.1326 | 0.0054  0.1380 0.139 0.2269 | 0.0092 | 0.2361 0.241
0.43 0.1447 | 0.0057 | 0.1504 0.152 0.2476 | 0.0098 | 0.2574 0.263
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tube B and force F2 in the friction tube
of tube C2:

F=F1+F2 )
From equation (8), the force F1 can be
obtained. In contrast, the air inlet veloc-
ity of tube C2 was unknown. So, in order
to obtain the solution of 72, we had to do
some experiments to obtain its velocity.

Results and discussion

We designed the experiment method as
follows (see Figure 4): compressed air
passed the regulating valve, and the gas
entered the main nozzle through a sole-
noid valve by computer control. One side
of the weft extended into the main nozzle,
and another connected with the load cell.
The signal was sent to computer via A/D
converter which saved and processed the
data. Because the initial velocity of the
yarn was equal to zero, the tested tension
was the beginning of weft insertion.

The experiment tested the pull force
of two types of yarns under different
conditions. Table 2 shows the diameter
and air-drag coefficient. Following from
equation (9), the PF can be calculated.

The supplied pressure was an important
craft parameter of weft insertion. An in-
crease in supplied pressure leads to an in-
crease in airflow velocity. Table 3 shows
the measured and calculated results of the
pull force at different pressures. Figure 5
shows the curve of the measured and
calculated results with cotton yarn and
Tencel/cotton yarn. From the diagrams,
it can be seen that the calculations agree
with the observations, so equation (8) is
able to reflect the influence of air velocity
on the PF. An increase in airflow velocity
leads to an increase in the PF. Further-
more, as may be seen in Table 3, the
PF emerging from tube B predominated
when the pressure supplied is low; how-
ever, the PF that emerges from tube C
predominated when the supplied pressure
exceeded 0.2Mpa; in such a case the pull
force of tube B would be constant. From
the results calculated, we can see that the
pull force of tube B was much smaller
than that of tube C2. Thus the pull force
of the thread tube was dominant.

Conclusions

Based on the analytical and experimental
investigations presented in this paper, the
following conclusions can be drawn:
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The structure of the main nozzle and
its working accuracy are important
to the pull force (PF). Decreasing
the diameter of the main nozzle can
reduce energy consumption; whereas
increasing the length of the thread
tube can increase the PF. As the trend
of airjet loom movements is towards
high speed, the main nozzle should be
the main subject of future research.

The inlet of the thread tube is a bot-
tleneck of the main nozzle, where the
air speed decreases very rapidly.

There may be some errors in the
experiment data, but the general ten-
dency is correct. Because the air ve-
locity at the exit needs to be measured
yielding data for the calculation of
theories, the pull force still cannot be
determined according to the structure
size of nozzle only.
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