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Introduction
In an air-jet loom, the weft yarn is dragged by the high-speed air 

flow to pass through the shed to carry out the weft insertion process, 
where the air flow may reach a critical condition at the nozzle throat 
zone and even exceed sonic state at outside of the acceleration tube 
after modulation and rectification process. At the same time, the 
weft yarn has had a full interaction with high-speed air flow and is 
accelerated to the needed velocity. So the main nozzle is really the 
heart of an air-jet loom, and Studies on its pneumatic behaviors have 
been intermittently pursued over the past few decades. For instance, 
Ishida and Okajima1,2 experimentally measured the static pressure 
and air velocity distribution under different acceleration tube length 
and air supply pressure in the flow field of main nozzle. Their results 
showed that the attenuate law of air velocity along axial direction and 
radial direction is similar, and the air velocity of main nozzle exit is 
not relevant to acceleration tube length. Mohamed and Salama3,4 tested 
the air velocity and characteristic of the flow turbulence with different 
main nozzle structures, and they also got the relationship between 
various geometries of the main nozzle and the jet performance.5 
Researched the effect of different acceleration tube geometries on 
flow field. Due to the complicated inner structure of main nozzle, it is 
difficult to directly place a sensor to measure the air flow.6 Studied the 
effect of the length of the acceleration tube and the shape of nozzle 
needle on flow field through two-dimensional numerical simulation.7−9 
systematically researched the flow field characteristics of main nozzle 
by three-dimensional numerical simulation and some structural 
parameters of the main nozzle were also dealt with. 

In this paper, the drag force of weft yarn is obtained by the theory 
of one dimensional steady adiabatic pipe flow and equation of gas 
state. The drag force under different types of air supply pressure 
is computed by numerical integration, which is an important 
measurement criterion for the jet performance of the main nozzle. 

Afterwards number of rectifier tank, external diameter of needle tip, 
distance between needle tip and rectifier tank, α face projected length 
and diameter of acceleration tube are optimized by the combination of 
both numerical simulation and orthogonal test method.

Design objective and measured criterion
Design objective

The main nozzle is a key component of weft insertion system in an 
air-jet loom. The air chamber and rectifier tank are used to collimate 
and accelerate the air flow parallel to weft insertion direction. At the 
same time, a conical sleeve is designed to form a subsonic acceleration 
zone. When the air flow passed through nozzle throat which is an 
annual slot, it may exceed sonic speed and produce a negative zone 
in weft injection region. So the weft yarn is inhaled into main nozzle 
through weft insertion passage. In the acceleration tube, the air flow is 
accelerated again so as to obtain a higher speed to obtain the needed 
kinetic energy. The rotation of advanced air-jet loom has reached 
800~1000r/min with weft insertion speed of 3000m/min, and the weft 
yarn should fly across the shed within 20~30ms. So the main nozzle 
plays an important role in accelerating yarns and achieving sonic 
velocity at the main nozzle exit is always the design objective of it 

Measurement criterion

Air velocity in the main nozzle: The weft yarn is accelerated by 
abundant friction with high-speed air flow, where the drag force is 
depended on the relative speed between yarn and jet flow. The corres-
ponding formula is shown as:

( )1 2
2

F C d V U Lf ρπ= − 	                                                (1)

where F is the drag force,
 

C f  is the coefficient of drag force, ρ  
is the air density, d is the weft yarn diameter, V  is the air velocity, 
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U is the yarn velocity, and L is the yarn length subject to air. From 
Equation (1) we can find the drag force mainly depends on relative 
speed and air density in main nozzle. Based on one-dimensional pipe 
flow theory, the velocity of main nozzle exit can reflect the inner flow 
condition of the main nozzle, which naturally is the most significant 
measurement criterion.

Negative pressure zone of the needle tip exit: As the result of high-
speed jet flow, negative pressure zone is produced at the needle tip. 
The weft yarn is inhaled to main nozzle through weft guide passage 
and then it enters into weft ejection zone and acceleration zone. It is 
thus clear that a negative pressure zone is necessary for weft insertion 
in Figure 1.

Figure 1 Schematic of the weft insertion.

Drag force: The friction between yarn and airflow is the motive 
power for leaping and produces the so-called drag force, which will 
counteract the friction between yarn and the thread guide, the dynamic 
tension of ballooning and the static tension in weft accumulator. In 
order to analyze and calculate the force, we assumed that the weft 
yarn move along with the axis of acceleration tube, and the drag force 
exerted on infinitesimal segment is

( )1 2
2

dF C d V U dlf ρπ= − 	                                            (2)

As the flow velocity at needle tip may exceed the speed of sound 
whereas the diameter of acceleration tube keeps constant, thus the 
air flow is a typical Fanno one. Then the differential equation of air 
velocity along the axial direction is 

( )

2 24 1
22 21 1 / 2

fK M dMdl
D MM M K

−
=

 + −                                              
(3)

Where M is the Mach number, D is the acceleration tube diameter, 
f is the frictional coefficient, and K is the ratio of special heat.

The inlet flow ought to be the same as outlet flow based on the 
continuity relation, where D is constant. We obtain

2 2V Vρ ρ= 	                                                                           (4)

From the law of conservation of energy, the stagnation temperature 
of the nozzle exit is equal to that of air tank. Thus, we obtain

2 / 20 2C T C T VP P= + 	                                                           (5)

Where CP  is specific heat at constant pressure and 0T  is stagnation 
temperature. Temperature of acceleration tube exit T2 is represented as

2 / 22 0 2T T V CP= − 	                                                          (6)

From the ideal gas state equation (i.e. P RTρ= ) and equations (4) 
and (6), air density of the acceleration tube is 

( )2/ /0 22 2P R T V CPρ  = −   	                                                          (7)

Where 2P  and 2V  are static pressure and air velocity of nozzle 
exit, respectively. Then from equations (2), (3), (4) and (7), we obtain

( )
( )

( )

2 2 22 2 1
2 2 28 / 2 1 1 / 20 2

dDP V C CM Uf M dMdF
MfKRC T V C MM M KP

π − −
= • •

 − + −  
	               

                                                                                                        (8)

Where R is gas constant and C  is velocity of sound.

As the result of short length of acceleration tube, coefficient Cf can 
be taken as a constant, thus, we have

( ) ( )2 2
2 125.6 / 20 2

dDC P VfF F M F M
fRC T V CP

π
 = • × − 

−
                             

 (9)

Where

                                                                                                                                                                                                                              

                                                                                                                                                                                                                      
                                                                                                                                                                                                                         (10)

 Substituting K into the above formula, we have

                                                                                                                                                                                                                       (11)

At the beginning of weft insertion, the velocity of weft yarn is equal to zero (i.e. 0U = ), so the static weft drag force is

                                                                                                                                                                                                                      
 (12)

2 3 2 2 2 2 2 2( ) / 3 / ( 1) / 2 / ( 1) ln( )  [( 1) 2( 1) ] / 8( 1) arctan( ( 1)/2 )F M U M CU M K U C M K UC M K U K C K K M= − + + + − + + + − − + − × −

2 3 2 2 2 2 2( ) / 3 / 1.2 / 2.4 ln( ) (0.24 1.2 ) 5 arctan( / 5)F M U M CU M U C M UC M U C M= − + + − + + − ×

ð 1 12 2 { 1.2 5[arctan( / 5) arctan( / 5)]}1 225.6 1 2/20 2

dDC C P Vf
F M M

fR M MT V CP
= • × − + −

−

From Equation (11) we can find that the drag force is direct 
proportional to parameters of D , C f , d and 2P . As the acceleration 
tube length L  has an effect on 1M  and 2M , it is also a significant 
influencing factor for drag force which is the most important measured 
criterion of the jet performance of the main nozzle. This paper 
researched the cotton yarn and the relative parameters are defined 
as follows: d =0.3352mm, C f =0.03, f =0.004, C =340m/s, R

=287J/Kg ⋅K, 0T
 =296K, CP =1004.5J/Kg˙K, and K  =1.4.

The stress range of weft yarn in main nozzle is divided into four 
parts as shown in Figure 2. The weft guide passage is the first stress 

area where the yarn is brought into the main nozzle by negative 
pressure. The backflow zone is the second section where the drag 
force is decreased slightly because of the counterblast. The airflow 
mixing zone is the third section where the yarn is dragged by forward 
airflow again. The weft acceleration zone is the last section where the 
yarn is accelerated to the needed velocity with the high-speed airflow. 
The calculation method of each section is illustrated as follows. The 
static drag force of weft yarn in previous three sections is obtained by 
numerical integration with axial length in Equation (2), where the air 
density 2P and velocity V are obtained from numerical simulation. And 
then in the last section, the drag force is obtained from the Equation 
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(11), where the parameters of both ends of the acceleration tube such 
as 2P , 2V , 1M and 2M  gained by numerical simulation.

From the previous research in consistency between numerical 
simulation and experiment, the weft drag force calculated by means 
of numerical simulation is possible and reliable.

Analysis of structural parameter

In this paper, a combination of numerical simulation and 
orthogonal test method are used to optimize the key structure of main 
nozzle such as number of rectifier tank, external diameter of needle 
tip, distance between needle tip and rectifier tank, α face projected 
length and diameter of acceleration tube. So it reflected the influence 
of multiple parameters changed meanwhile on flow field and the most 
optimal structure is obtained.

Figure 3 shows the main structural parameters of the nozzle for 
optimization. As the flow passage is formed by nozzle needle and 
nozzle body, where the airflow is rectified and accelerated to high 
speed, we select these parameters as research object and make further 
improvement on jet performance of the main nozzle.

Figure 2 Schematic of the weft traction force in stepwise method.

Figure 3 Primary structural parameters of main nozzle.

Orthogonal experiment design
Introduction of orthogonal test method

In order to confirm the effect of main nozzle structure on inner 
flow field, it is need to carry out thousands of experiment. For 
example, when there are five factors and four levels on each of them, 
it is needed to test 1024times.

As the result of the limit of manufacturing and experimental 
condition, it is impossible to carry out such an experiment; however, 
orthogonal test method can meet the demand.

Orthogonal test method is one of multiple factors and multiple 
levels, where only typical experiment is carried out from the 
full combination method and it has the characteristic of uniform 
distribution. Each level of factors is distributed more reasonable in 
experimental program. So we could obtain the most satisfied results 
by the least consumption. Orthogonal test method has such advantages 
compared with full combination project: reducing the consumption of 
manpower and material resource, determining the effect of each factor 
on measured criterion, and confirming the experiment orientation for 
future.

The process of orthogonal test method is explained as follows: 
determining experiment factor and level, selecting appropriate 
orthogonal table, listing the test scheme and result, analyzing the 
measured criterion, obtaining the optimal model and verifying result. 
With the improvement of computational fluid dynamics it is feasible to 
use software CFD for numerical simulation of flow field and structure 
optimization. So we adopt Fluent to do numerical experiment of 
orthogonal program, in order to study the influence of each parameter 
on nozzle flow field and obtain the optimal structures under different 
air supply pressure. 

Numerical scheme and evaluation criterion

In orthogonal test, the main structure parameters influencing the 
flow field are selected as research object and others keep the same. 
In this paper, number of rectifier tank (i.e. n ), external diameter of 
needle tip (i.e. d ), distance between needle tip and rectifier tank 
(i.e. L ), α  face projected length (i.e. l) and diameter of acceleration 
tube (i.e. D ) are the optimal factors which are in four levels. As 
shown in Table 1, there are sixteen experiment scheme confirmed by 
orthogonal table L16 (4

5). Then the three-dimensional geometry model 
of the scheme from orthogonal table is established by Pro/E, and the 
flow condition is illustrated from the result of numerical simulation by 
software Fluent. In the paper, air velocity of the main nozzle exit and 
static weft drag force are the evaluation criterion of jet performance 
and they are obtained by the method above mentioned. 

Table 1 Level of each factor in orthogonal test

Factor level A B C D E

  n D d L l

1 6 3 2 12 3

2 8 3.5 2.2 14 4

3 10 4 2.4 16 5

4 12 4.5 2.6 18 6
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Numerical result and analysis
The comprehensive balance method is always used to analyze the 

result of multiple-index orthogonal test. It means that a subtraction 
between maximum and minimum of measured criterion is done and 
the range is obtained. From the analyzed range, we have obtained 
the relationship between each factor and evaluation index. Then 
the general optimal model is obtained with the comparison between 
theoretical method and practical experience. In this paper, the structure 
optimization under the air supply pressure of 0.3MPa is carried out 
and the analytical method could be also used to other conditions. 

Table 2 shows the air velocity of nozzle exit and static weft drag 
force of the different conditions from numerical simulation. k Express 
the sum of all experimental indexes under the level i, and Ki is the 
average. It reflects the affection degree of each factor in evaluation 
index. The orthogonal test shows the effect of five factors in orders is 
B>C>A>D>E in Table 1. So it is reasonable to select the air velocity 
of nozzle exit as an evaluation criterion. At the same time, the static 
drag force is relative to air velocity and density, so that each factor 
has the same influence law on the two evaluation index. As shown 
in Figures 4 & 5, the curves of the nozzle exit velocity and static 
drag force varies with the factors and levels. As a whole, each factor 
has the same influence law on the two evaluation index. As the air 
supply pressure is low, the average of air velocity of the nozzle exit 
is lower than 300m/s in all levels of each factor. In this paper, the 

maximum static drag force of cotton yarn is 0.193N, which is close 
to the experimental value.1 There are some conclusions obtained as 
follows:

a.	 The evaluation index decreases with the increase of rectifier tank 
number, but the amplitude of variation is smaller than 10%. It is 
indicated that the factor A has a small influence on flow field of 
the main nozzle. Considering the process of manufacturing, the 
air velocity of nozzle exit and weft drag force reach the maxi-
mum at the level of 1.

b.	 As shown in Table 1, the diameter of acceleration tube has a 
maximum effect on above two evaluation index. The air velo-
city and weft drag force is augmented rapidly with the increa-
se of the diameter. When the diameter increases to 4mm, the 
evaluation index almost becomes invariant, even if the diameter 
of acceleration tube is infinitely increased; the evaluation is still 
not invariant except the sharp increase of energy consumption. 
Considering the energy consumption and weft insertion effect, 
the factor B is the best choice at the level of 3.

c.	 As the throat area decreases with the increase of the external 
diameter of needle tip, the airflow rate and density is reduced 
and the air velocity and weft drag force decreases rapidly. So the 
evaluation index decreases with the increase of factor C which 
has a great effect on flow field second to factor B. The external 
diameter of acceleration tube is the best at the level of 2.

Table 2 Range analysis method of outlet velocity (p=0.3MPa)

Experiment number Effect factor       Outlet velocity V(m/s) Leakage

  A B C D E    

1 1 1 1 1 1 273.32 N

2 1 2 2 2 2 283.18 N

3 1 3 3 3 3 288.56 N

4 1 4 4 4 4 285.31 N

5 2 1 2 3 4 243.1 N

6 2 2 1 4 3 296.38 N

7 2 3 4 1 2 277.96 N

8 2 4 3 2 1 294.52 N

9 3 1 3 4 2 204.69 N

10 3 2 4 3 1 236.92 N

11 3 3 1 2 4 311.08 Y

12 3 4 2 1 3 303.5 Y

13 4 1 4 2 3 156.41 N

14 4 2 3 1 4 266.89 N

15 4 3 2 4 1 297.47 N

16 4 4 1 3 2 301.11 Y

K1 1130.38 877.53 1181.91 1121.73 1102.25

Sum of the indicator of every effect factor
K2 1111.97 1083.38 1127.3 1045.21 1066.95

K3 1056.24 1175.08 1054.67 1069.7 1044.89

K4 1021.89 1184.49 956.6 1083.86 1106.39
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Experiment number Effect factor       Outlet velocity V(m/s) Leakage

  A B C D E    

k1 282.59 219.38 295.47 280.43 275.56

Average of the indicator of every effect factor
k2 277.99 270.84 281.82 261.3 266.73

k3 264.06 293.77 263.66 267.42 261.22

k4 255.47 296.12 239.15 270.96 276.59

R 27.12 76.74 56.32 19.12 15.37

Optimal case A1 B3 C2 D1 E4    

Table Continued..

With the increase of distance L  between needle tip and rectifier 
tank, the air velocity and density decreases firstly and then keeps 
the same. When L  increases, the weft ejection zone moves to exit 
and the energy consumption becomes larger, so the evaluation index 
has decreased gradually. To a certain degree, the evaluation index 
remained stable. It is the best for weft insertion that the factor D is 
at level of 1.

The projected length range of α face is the least, so it has the least 
effect on air velocity and weft drag force, where the amplitude of 
variation is smaller than 10%. As shown in Figure 4, the longer the l 
with narrow acceleration zone is, the greater the velocity acceleration 
is. When l is 6mm, the evaluation index is the highest.

Figure 4 Outlet velocity changed with factor (p=0.3MPa).

The optimal structure combination of the main nozzle is obtained 
from the range analysis (i.e. A1B3C1D1E4), where the air velocity 
and drag force reach the maximum. Considering the factor affecting 
relationship, the assembly of A3B3C1D2E4 in numerical simulation 
is the closest to the optimal scheme. It is indicated that the analysis 
method of structure optimization for the main nozzle is correct and 

reliable from (Table 2) (Table 3). When the throat area is oversize, 
there is an air leakage phenomenon in weft guide passage, and the 
ballooning is produced in weft inlet by counterblast. So the weft drag 
force is decreased and sometimes even lead failure of weft insertion 
and weft stoppage. In another word, the air leakage phenomenon is 
not allowed.

      From the Table 2, there is an air leakage phenomenon in optimal 
structure combination of numerical simulation. Taking into account 
energy consumption and process, expanding the external diameter 
of nozzle needle (i.e. decreasing throat area) is taken to prevent the 
leakage phenomenon at weft inlet. With the combination of numerical 
simulation and range analysis, there is not an air leakage phenomenon 
in assembly of A4B3C2D4E1 and the evaluation index is close to the op-
timal scheme of range analysis, so that it is feasible for expanding the 
external diameter of nozzle needle to 2.2mm. In the end, the assembly 
of A1B3C2D1E4 is selected as the optimal structure under the air supply 
pressure of 0.3MPa. With the verifying of the numerical simulation, 
the air velocity of nozzle exit of the model reached 303.7m/s (i.e. 
0.9M), which satisfied the weft insertion requirement.

Figure 5 Weft traction force changed with factor (p=0.3MPa).
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Table 3 Range analysis method of weft traction force (p=0.3MPa)

Experiment number Effect factor       Static weft drag force F(N)

  A B C D E  

1 1 1 1 1 1 0.142

2 1 2 2 2 2 0.15

3 1 3 3 3 3 0.154

4 1 4 4 4 4 0.142

5 2 1 2 3 4 0.109

6 2 2 1 4 3 0.158

7 2 3 4 1 2 0.145

8 2 4 3 2 1 0.16

9 3 1 3 4 2 0.078

10 3 2 4 3 1 0.108

11 3 3 1 2 4 0.183

12 3 4 2 1 3 0.174

13 4 1 4 2 3 0.051

14 4 2 3 1 4 0.137

15 4 3 2 4 1 0.159

16 4 4 1 3 2 0.167

K1 0.588 0.381 0.65 0.599 0.569

Sum of the indicator of every effect factor
K2 0.572 0.553 0.592 0.544 0.541

K3 0.543 0.641 0.529 0.538 0.536

K4 0.514 0.642 0.446 0.536 0.572

k1 0.147 0.095 0.163 0.15 0.142

Average of the indicator of every effect factor
k2 0.143 0.138 0.148 0.136 0.135

k3 0.136 0.16 0.132 0.134 0.134

k4 0.128 0.161 0.112 0.134 0.143

R 0.019 0.065 0.051 0.016 0.008

Optimal Case A1 B3 C2 D1 E4  

Comparison and conclusion
Figures 6-8 show the comparison of the air velocity, Mach number 

and static pressure between the optimal model and the original model,1 
where the air supply pressure is 0.3MPa. The diameter of acceleration 
tube, external diameter of needle tip, throat area, and rectifier tank 
number for the original model are 3mm, 1.9mm, 4.2mm2, and 8, 
respectively, and are 4mm, 2.2mm, 8.75mm2 and 6, respectively 
for the optimal model. Other structural parameters keep constant. 
From these figures, we can find that the air flow velocity and static 
pressure have the growing tendency with the increase of acceleration 
tube diameter and nozzle throat area. As shown in Figure 6 & 7, the 
axial velocity of these two models has little difference in weft guide 
passage. After being slightly accelerated in cone-shape area, the air 
velocity remains the same in the straight round pipe and there is not 
the air leakage phenomenon, which is suitable for weft insertion. As a 
result of the mixture between the high-pressure flow and atmosphere, 
the air velocity changed rapidly in weft ejection zone and the backflow 
zone is produced in two models, where the maximum reaches 0.6M. 
The length of backflow zone of optimal model is a bit longer than that 

of the original model, but there is little influence on weft insertion. 
In acceleration zone, the air velocity of two models is increased 
gradually, which is accelerated from 273.8m/s of original model to 
303.7m/s of optimal model at the nozzle exit. When the air flow is 
jet into atmosphere, the air velocity is descend rapidly. As the throat 
area of optimal model is larger than that of original model, the flux 
is greater than that of the latter and the decrement of air velocity is 
lower. From above analysis, the air velocity at weft acceleration zone 
and free jet zone of optimal model is higher than that of the original 
model, which is benefit for weft insertion. 

As shown in Figure 8, the axial static pressure of the two models 
is stable at an atmosphere in weft guide passage and free jet zone. As 
a result of the high-speed airflow in nozzle throat, a backflow zone 
is produced in that area of the two models. The negative pressure of 
optimal model is lower than that of original model, which is helpful 
for weft suction from outside. In weft acceleration zone, the air 
velocity is increased gradually with the decline of static pressure. 
But the static pressure in acceleration tube of optimal model is higher 
than that of original model, so that the weft drag force is greater. As 
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for cotton yarn, the weft drag force is enlarged from 0.142N for the 
original model to 0.192N for the optimized one, and the increasing 
range is 30%. From above analysis, we can obtain some conclusions 
on the structure optimization of the main nozzle under the air supply 
pressure of 0.3MPa:

i.	The axial air velocity and static pressure increases considera-
bly in the assembly of A1B3C2D1E4, and the negative pressure 
of weft ejection zone are lower, which is benefit for the weft 
insertion.

ii.	The weft drag force is greater in the assembly of A1B3C2D1E4, 
which is helpful for the increase of weft velocity.

Figure 6 Axial velocity of optimized model and original model.

Figure 7 Mach number of optimized model and original model.

Taking the air velocity, static pressure and weft drag force into 
account, the exit velocity of the main nozzle in the assembly of 
A1B3C2D1E4 has reached high subsonic, the weft drag force is greatly 
improved and there is no air leakage phenomenon in nozzle entrance. 
The optimal main nozzle is suitable for weft insertion of high-speed 
air-jet loom and the analytical method could be used for optimization 
of other types of main nozzles or different air supply pressure.

Figure 8 Static pressure of optimized model and original model.
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