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Abstract The structure parameters of non-circular mor-
tar nozzles for automatic wall-plastering machines are
crucial in improving the performance of spraying uni-
formity and obtaining a larger plastering area, higher
plastering quality, and efficiency. To address the non-
uniformity issues of the existing mortar nozzles, we in-
vestigate the effects of a special nozzle structure on its
outlet velocity uniformity by using Taguchi methods
and the finite volume method. The experimental studies
are conducted under various combinations of five fac-
tors: length, width, thickness, water-cement ratio, and
inlet velocity, using a standard orthogonal array provid-
ed by Taguchi methods. The results reveal that the
thickness, length, inlet velocity, width, and water-
cement ratio are the influential factors on the outlet
velocity uniformity. The interaction effects between
length and thickness, length and width, and width and
thickness are also significant on its outlet velocity uni-
formity. A higher water-cement ratio and a lower inlet
velocity should be chosen as long as it meets the re-
quirements of plastering quality and efficiency. The
study of non-circular mortar nozzles provides an impor-
tant reference for its systematic design in the future.
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1 Introduction

The construction of civil infrastructures is one of the
oldest and largest economic sections that drive commu-
nities and nations. Comparing with current technological
advancements, it is evident that the level of automation
in construction is relatively low. It is a growing trend to
advance technologies and automation in construction ap-
plications. Automatic wall-plastering machines have an
exciting prospect in reducing the work intensity and
shortening the project duration in the construction in-
dustry [1-4]. The structure parameters of mortar nozzles
on the machines are crucial to ensure the performance
and efficiency of wall-plastering machines. This paper
focuses on the design and optimization of non-circular
mortar nozzles for automatic wall-plastering machines.
The optimized structure parameters of non-circular noz-
zles can enhance the spraying uniformity with a larger
spraying area, leading to a higher plastering quality and
efficiency.

In the construction industry, plastering of internal/
external walls takes 20% of the overall construction
duration. Plastering work not only is a heavy workload
occupying a large amount of labor time but also has a
low level of automation, which creates a bottleneck for
the timely completion of a project. Automatic wall-
plastering machines offer a great potential in reducing
the work intensity and shortening the construction
duration.

Mortar nozzles are one of the core components in
automatic wall-plastering machines. Research on the
nozzles has become the top priority in design of auto-
matic wall plastering machines. Extensive research has
been done on the performance of the nozzle. Ma and
Zhang [5] observed that the diffusion angle and the
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diffusion length of nozzles have a significant effect on
the internal flow field of the nozzle, while the cylinder
length of the nozzle has a low effect on it. Using nu-
merical simulation of the internal flow field, they ob-
tained the optimal parameter values of the nozzle. Yuan
et al. tested both non-circular nozzles and circular noz-
zles with adjustable velocity, and they found that the
former is more reliable compared with the latter in irri-
gation uniformity [6]; Kim et al. pointed out that the
diffusion angle of the nozzle can affect its flow coeffi-
cient, which should be a focus in the design of micro-
nozzles [7]. Long et al. put forward that the nozzle is
one of the most important parts of jet pumps. Using
numerical analysis, they found that the thickness of a
nozzle tip can affect the nozzle flow field. The appro-
priate thickness should be chosen to enhance the perfor-
mance of the jet pump [8].

The wall-plastering system with circular nozzles has
been studied in the literature. The circular nozzles used
in wall-plastering machines have features of a small
plastering area, a thick center area, and a thin surround-
ing area [6]. For an automatic wall-plastering machine,
however, the nozzle should have a sufficiently large
plastering area, a high plastering velocity, and an even
outlet velocity to meet the requirement of plastering
efficiency and quality. Non-circular nozzles can poten-
tially overcome the shortcomings presented in the tradi-
tional circular nozzles, which is more suitable for auto-
matic wall-plastering machines.

This paper studies non-circular nozzles with a medi-
um of mortar using the finite volume method and
Taguchi methods. The nozzles with a medium of air,
water, or oil have been studied in the literature in terms
of the inner flow field, the outlet velocity value, and the
energy loss [8—10]. This paper focuses on the medium
of mortar and its resulting effects on non-circular noz-
zles. The finite volume method has been widely used as
a numerical method in solving the fluid flow problems.
A powerful computational fluid dynamics software,
ANSYS Fluent, is used to simulate the distributions of
velocity from various nozzle design schemes. While
most existing research focuses on energy consumption,
this research aims to study the influence of different
parameters on the uniformity of nozzle outlet velocity,
especially the complex interaction relationships of the
nozzle structure parameters (the length, width, and
thickness), the nozzle inlet velocity, and the water-
cement ratio, using a standard orthogonal array provided
by Taguchi methods. Taguchi methods are an effective
tool in quality engineering, and its standard orthogonal
arrays for experimental design can provide the full in-
formation of all the factors with a minimal number of
experiments. Minitab software is used to assist
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analyzing the effects of different parameters and their
interaction effects on the uniformity of nozzle outlet
velocity. This study provides an important reference
for the optimal design of non-circular nozzles.

The rest of this paper is organized as follows. In Sect. 2, the
relevant mathematical models are provided. In Sect. 3, the
details of experimental design by Taguchi methods and
ANSYS Fluent simulation preparation are described. In
Sect. 4, the results and analysis of ANSYS Fluent simulation
and orthogonal tests are presented. In Sect. 5, conclusions and
suggestions for parameter selections are provided.

2 Mathematical models for fluid dynamics

The methods for studying fluid motions include
Lagrange method and Euler method. Lagrange method
is mainly used to study the change of the position,
velocity, other physical parameters of a selected fluid
particle, and the historical process of the motion of a
fluid particle in a period of time [11]. In the process of
fluid motions, it is difficult to trace the motion of each
particle, because the number of particles and the change
of the particle positions are large in general. Therefore,
Lagrange method is not suitable to be used to study the
process of fluid motions.

Instead of directly studying the particle motion process,
Euler method focuses on the whole flow field [12]. It studies
the change rule of the particles in the flow field at different
times. By observing the flow motion of each point in the space
and its change with time, the whole motion of the fluid can be
observed. At the same time, the velocity of each point in the
space is different. At different times, a fixed point in the space
is occupied by different fluid particles, and its velocity may be
different as well. In practical applications, the motion param-
eters of fluid particles can be expressed by each point at each
moment, leading to an easy understanding of the fluid motion.
Therefore, the Euler method is used more extensively [13].

In conclusion, the velocity v is a function of the space
coordinates (x,y,z) and the time ¢, or v(x,, z,f), which can
be expressed as

V(X p;2,1) = ve(0)i + vy ()] + v (0)k (1)

where v(?),v,(?),and v,(¢) are the velocity components of v
in the x-direction, y-direction, and z-direction, respectively.
Similarly, the pressure p and the density p are also functions
of the space coordinates and the time, p(x,y,z,t) and
px, 1,2, 1).

To study fluid motions using Euler method, we need to
introduce the continuity equation, momentum equation, and
energy equation, as described in Sects. 2.1, 2.2, and 2.3,
respectively.
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2.1 Continuity equation

In accordance with the law of mass conservation, the net fluid
mass flowing in and out of a control volume should be equal
to the reduced mass of the control volume within a certain unit
of time. The differential form of the control equation of fluid
flow can be derived as Eq. (2) [14]:

dp  (puy)  0(puy)  0(pu)
2 = (. 2
ot + ox * Oy + 0z @)

where u,,u,,and u, are velocity components in the x-direc-

tion, y-direction, and z-direction (m/s), respectively.
Using the  Hamiltonian  differential

V= ig—g —&—j‘;—;’ + kg—’zj, the control equation of fluid flow in

operator

Eq. (2) can be expressed as Eq. (3):

op B
o + Vo-(pu) = 0. (3)

For the constant and incompressible fluid flow, g—’; =0,
Eq. (3) can be expressed as Eq. (4):

Ou, Ou, Ou,
ox Oy

= =0. (4)

2.2 Momentum equation

The essence of the fluid momentum equation is to satisfy
Newton’s second law: for a given fluid element, the momen-
tum change rate with time is equal to the external force given
to the element. According to the law, the momentum equa-
tions for the x-direction, y-direction, and z-direction can be
derived as Egs. (5), (6), and (7), respectively [14]:

a(pux) -\ ap OT aTyx 0T
5 V() ==+ &
+of (%)
0 ( puy) . dp Ot or 0T,
V. S LA &
a (pus7) e Ty e
+ 0/, (6)
o(pu;) — Op  OTy, 0Ty 07y
. V. = - — — =
ot + (puz " ) ox  ox oy 07
+pf. (7)

where p is the pressure of infinitesimal fluid element.
Tyx» Tyx»and 7, are the components of the viscous stress 7,
which is generated due to the molecular viscosity and has
effects on the infinitesimal fluid element surface. f;, f,,and f-
. are the force per unit mass in the three directions. If the
infinitesimal fluid element is only forced by gravity and the

z-axis is vertical, thenf,=f,=0, and f.=—g.

2.3 Energy equation

The energy equation of the fluid is the Bernoulli equation, the
essence of which is the conservation of mechanical energy of
the fluid. For having a steady flow when the viscous fluid
flows along the pipe, the Bernoulli equation can be expressed
as Eq. (8) [14]:

V32 V2
zy+ DL Bz, P2 B
pg  2g pg  2g

+ hy (8)

where Z is the potential energy of the unit weight relative to
the reference level, which is also called the position head; ;'#g is

the pressure energy for the unit mass, also called the pressure

head; % is for the kinetic energy of the unit weight of the
fluid, also called the velocity head; a is the kinetic energy
correction coefficient, and a = 2 for the circular tube laminar
flow; V'is the average flow velocity on the flow tube section;
and 4, is energy loss of the unit weight along the flow process,

which can be divided into the path loss and partial loss.

3 Experimental design and simulation preparation

The automatic wall-plastering machine designed in this
paper aims to realize the function of automatic construc-
tion of mortar plastering with an efficiency of 100 m*/h
and a mortar thickness of 25 mm, i.e., the minimum
amount of mortar needed to convey is 2.5 m’/h.
Considering the unexpected mortar falling in the plas-
tering process, the output flow of mortar pump should
be set at 4 m’/h, and the inner diameter of the convey
hose should be chosen as 50 mm. The nozzle structure
is shown in Fig. 1. We need to analyze the influence of
the factors (such as the nozzle structure, nozzle inlet
velocity, and water-cement ratio) on the uniformity of
the nozzle outlet velocity.

width

thickness

W, I { I ]

Fig. 1 Structure of non-circular nozzles
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Table 1  Factors and levels of the orthogonal test

Level Factor

A: B: C: D: water-cement ratio  E: inlet
length width  thickness (dynamic viscosity velocity
(mm) (mm) (mm) Pa-s) (m/s)
50 100 15 0.40 (0.090) 0.4448
2 100 150 20 0.45 (0.063) 0.5560
3 150 200 25 0.50 (0.037) 0.6672

3.1 Experimental design using Taguchi methods

As a key measure of the plastering quality of mortars
[15-17], the uniformity of nozzle outlet velocity can be
evaluated by the variance of the outlet velocity, i.e., a

smaller variance of the velocity implies a higher degree
of uniformity. To minimize the variance of the outlet
velocity, an experimental design is an effective approach
to analyze the influence of various factors on the vari-
ance of the velocity and select the optimal levels for
different factors, namely, nozzle length, width, thick-
ness, inlet velocity, and water-cement ratio. When the
number of factors is large, however, a full factorial de-
sign results in a large number of experiments that have
to be carried out. To reduce the number of experiments
to a practical level, Taguchi methods using standard
orthogonal arrays offer an efficient alternative that can
provide the full information of all the factors with a
minimal number of experiments [18].

We design a test scheme of five factors (i.e., nozzle length,
width, thickness, inlet velocity, and water-cement ratio) and

Table 2 Layout of L,;

orthogonal array for five factors No.  Factor The level of
combination
Length A WidthB  Thickness Water cement ratio D Inlet
(mm) (mm) C (mm) (dynamic viscosity Pa-s) velocity
(m/s)

1 50 100 15 0.40 (0.090) 0.4448 AB,C|DE,
2 50 100 15 0.40 (0.090) 0.5560 AB,CDE,
3 50 100 15 0.40 (0.090) 0.6672 AB|C|DE;
4 50 150 20 0.45 (0.063) 0.4448 AB|C,D,E;
5 50 150 20 0.45 (0.063) 0.5560 AB,C,D,E,
6 50 150 20 0.45 (0.063) 0.6672 AB,C,D,E;
7 50 200 25 0.50 (0.037) 0.4448 AB;C3D;E;
8 50 200 25 0.50 (0.037) 0.5560 AB3C;5D3E,
9 50 200 25 0.50 (0.037) 0.6672 AB;C;D3Es
10 100 100 20 0.50 (0.037) 0.4448 A,B1C,D;E;
11 100 100 20 0.50 (0.037) 0.5560 A,B1C,D3E,
12 100 100 20 0.50 (0.037) 0.6672 A,B1C,D3Es
13 100 150 25 0.40 (0.090) 0.4448 A,B,C3DE;
14 100 150 25 0.40 (0.090) 0.5560 A,B,C;DE,
15 100 150 25 0.40 (0.090) 0.6672 A,B,C3DE;
16 100 200 15 0.45 (0.063) 0.4448 A,B3C D,E,;
17 100 200 15 0.45 (0.063) 0.5560 A,B;CD,E,
18 100 200 15 0.45 (0.063) 0.6672 A,B;C D,E;
19 150 100 25 0.45 (0.063) 0.4448 A3;BC;3D,E;
20 150 100 25 0.45 (0.063) 0.5560 A3BC;D,E,
21 150 100 25 0.45 (0.063) 0.6672 A3BC;D,Es
22 150 150 15 0.50 (0.037) 0.4448 A3B,CiD;E;
23 150 150 15 0.50 (0.037) 0.5560 A3B,CiD;E,
24 150 150 15 0.50 (0.037) 0.6672 A3B,CiD;Es
25 150 200 20 0.40 (0.090) 0.4448 A3B;C,DE;
26 150 200 20 0.40 (0.090) 0.5560 A3B;C,DE,
27 150 200 20 0.40 (0.090) 0.6672 A3B;C,DEs
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three levels (Table 1). According to the performance and pa-
rameter requirements of automatic plastering machines, the
maximum nozzle length is set to be 150 mm, the thickness
cannot exceed 25 mm, the water-cement ratio should be set in
a range of 0.4 to 0.5 (a different water-cement ratio corre-
sponds to a different dynamic viscosity), and the nozzle inlet
velocity can be set as 0.556 m/s + 20%.

For this experiment of five factors with three levels each, an
L,; orthogonal array is an appropriate design for conduct the
experiment, as shown in Table 2.

3.2 Simulation preparation

The finite volume method, also known as the control volume
integral method, is developed on the basis of the finite differ-
ence method. Similar to the finite element method, the finite
volume method divides the solution domain into discrete grids
of limited size. For each grid node, the node control volume is
formed in the way of surrounding the node. The key step is the
integral of the control differential equations in the control
volume [19]. One of the popular software for the finite volume
method is ANSYS Fluent, a computational fluid-dynamics
software. Before using ANSYS Fluent, we need to conduct
the simulation preparation by setting the boundary conditions
and building the 3D mesh model.

It is known that the maximum flow of pump supply is
4 m’/h, the inlet velocity is 0.556 m/s, and the mortar
density is 1700 kg/m>. It can be shown that the nozzle
flow field is in a laminar flow state by calculating its
Reynolds number. Boundary conditions of the nozzle inlet
are set as the boundary conditions of velocity inlet, while
the boundary conditions of the nozzle outlet are set as free
flow. The pressure and velocity coupling algorithm is
used as the solver, where the gravity is ignored. Other
parameters are set as default values of the software. The
nozzles with different sizes are simulated by ANSYS
Fluent simulation software with these boundary
conditions.

The 3D mesh model of the nozzle is built by the
GAMBIT software, whose geometry is mainly divided
into tetrahedron meshes, including hexahedron, conical,
and woven meshes in certain locations [20-23]. The 3D
mesh model of the nozzle is shown in Fig. 2. The
coordinate directions of the model are set as follows:
the direction of mortar spraying is set as x-direction;
the direction of the gravity is set as the z-direction. In
the simulation, we mainly study the outlet velocity uni-
formity in the x-direction and the distributions of veloc-
ity on the plane (z = 0).

Fig. 2 3D mesh model of the nozzle

4 Results and analysis
4.1 Results of ANSYS fluent simulation

We input the boundary conditions and the 3D mesh
model of the nozzle into ANSYS Fluent and conduct
the simulation for the 27 tests specified in the L,; or-
thogonal array in Table 2. For each of the 27 tests, we
can get the outlet velocity curve in the x-direction
(Fig. 3) and the distributions of velocity on the plane
of z = 0 (Fig. 4).

As can be seen in Figs. 3 and 4, the variations of
inlet velocity have only a minimum impact on the curve
chart (Fig. 3) and the cloud chart (Fig. 4) when other
factors are unchanged. When the nozzle length is un-
changed, the outlet velocity of the nozzle shows differ-
ent degrees of fluctuation with the increase of the noz-
zle width. The velocity distribution of the internal flow
field becomes non-uniformity. Test 7, Test 8, and Test 9
show the back flow phenomenon because the width of
the nozzle is relatively wide (200 mm) when the length
is short (50 mm). This situation improves with the in-
crease of the nozzle length, i.e., the sudden increase of
the flow channel width can make the flow field unsta-
ble. Further analysis can be done on the experimental
data using Minitab statistical software.

4.2 Results of orthogonal tests

The velocity of each element center at the x-direction of
the nozzle outlet (the vertical direction to the wall) for
each of the 27 tests is shown in Table 3. The data are
imported from ANSYS Fluent into Minitab software for
calculating the outlet velocity variance for each test and
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Fig. 3 (continued)

further analysis. The analysis results are shown in Fig. 5, with
the SN ratio responses (left) and the mean responses (right);
Fig. 6 shows the main effect of SN ratios (left) and the main
effect of the mean (right); and Fig. 7 presents the interaction of
outlet velocity variances.

4.3 Analysis of results

In the analysis of multifactor experiments, the main goal
is to investigate whether the independent variables

(factors) have the main effects and interaction effects.
The main effect is the effect of a single independent
variable on a dependent variable, when all the other
independent variables are unchanged []. Two indepen-
dent variables interact if the effect of one of the vari-
ables differs depending on the level of the other vari-
able. If the effect of an independent variable on the
dependent variable varies according to the level of an-
other independent variable, we can say that there is an
interaction effect between the two independent variables.
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Table 3 Orthogonal test results
No.  Factor Outlet
velocity
Length A Width B Thickness Water cement ratio D Inlet variance
(mm) (mm) C (mm) (dynamic viscosity Pa-s) velocity
(m/s)
1 50 100 15 0.40 (0.090) 0.4448 0.1263
2 50 100 15 0.40 (0.090) 0.5560 0.1393
3 50 100 15 0.40 (0.090) 0.6672 0.1502
4 50 150 20 0.45 (0.063) 0.4448 0.1291
5 50 150 20 0.45 (0.063) 0.5560 0.1536
6 50 150 20 0.45 (0.063) 0.6672 0.1764
7 50 200 25 0.50 (0.037) 0.4448 0.1625
8 50 200 25 0.50 (0.037) 0.5560 0.2031
9 50 200 25 0.50 (0.037) 0.6672 0.2422
10 100 100 20 0.50 (0.037) 0.4448 0.1016
11 100 100 20 0.50 (0.037) 0.5560 0.1105
12 100 100 20 0.50 (0.037) 0.6672 0.1139
13 100 150 25 0.40 (0.090) 0.4448 0.1425
14 100 150 25 0.40 (0.090) 0.5560 0.1768
15 100 150 25 0.40 (0.090) 0.6672 0.1263
16 100 200 15 0.45 (0.063) 0.4448 0.0875
17 100 200 15 0.45 (0.063) 0.5560 0.1018
18 100 200 15 0.45 (0.063) 0.6672 0.1142
19 150 100 25 0.45 (0.063) 0.4448 0.1269
20 150 100 25 0.45 (0.063) 0.5560 0.1461
21 150 100 25 0.45 (0.063) 0.6672 0.1621
22 150 150 15 0.50 (0.037) 0.4448 0.0671
23 150 150 15 0.50 (0.037) 0.5560 0.0720
24 150 150 15 0.50 (0.037) 0.6672 0.0752
25 150 200 20 0.40 (0.090) 0.4448 0.0916
26 150 200 20 0.40 (0.090) 0.5560 0.1134
27 150 200 20 0.40 (0.090) 0.6672 0.1352

When there is no significant interaction effect between
two independent variables, we can directly evaluate the
role of the independent variable on the dependent vari-
able from its main effect. When there is a significant
interaction effect between two independent variables, we

r 5
_{ Session =)@ =
Response Table for Signal to Noise Ratios =
Saaller is better

water—cement inlet
Level length A width B thickness C ratio welocity
1 15.85 17.76 20.02 17.62 19.07
2 18.63 18.65 18.23 17.71 17.75
3 19.53  17.85 15.81 18.73 17.24| |
Delta 3.74 1.00 4.21 1.12 1.83
Rank 2 S 1 4 3
< »

cannot simply draw conclusions directly from the main
effects [24-26].

Figure 5 shows the influence degree of various factors (in-
dependent variables) on the outlet velocity variance (depen-
dent variable): thickness (C) > length (A) > inlet velocity (E) >

| Session E=2EcEEd

Response Table for Means e
water-cement inlet

Level length A width B thickness C ratio wvelocity

1 0.1647 0.1308 0.1037 0.1335 0.1150

2 0.1195 0.1243 0.1250 0.1331 0.1352

3 0.1100 0.1391 0.1654 0.1276 0. 1440

Delta 0.0548 0.0147 0.0817 0.0058 0.0290

Rank 2 4 1 S 3L=

i ™ »

Fig. 5 SN ratio responses (/eff) and mean responses (right)
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Fig. 6 Main effect of SN ratio (/eff) and main effect of mean (right)

width (B) > water-cement ratio (D). Figure 7 shows the sig-
nificant interaction effects between length (A) and thickness
(C), length (A) and width (B), and width (B) and thickness
(C). Combining with the observations in Fig. 6, we can con-
clude that the optimal solution can be obtained when we take
the factor levels of A3B2C1, namely, the nozzle length of
150 mm, the width of 150 mm, and the thickness of 15 mm.
If the requirement of plastering quality and efficiency is satis-
fied, we can choose a higher water-cement ratio and a lower
inlet velocity in order to minimize the outlet velocity variance
(Fig. 5).

5 Conclusions

The research conducted in this paper optimizes the design of
non-circular mortar nozzles for automatic wall-plastering ma-
chines by studying the effects of different parameters on the
spray uniformity, especially the complex interaction effects of
the nozzle structure parameters (the length, width, and thick-
ness), the nozzle inlet velocity, and the water-cement ratio.
The study is implemented using the orthogonal array in
Taguchi methods and the finite volume method, realized in
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Fig. 7 Interaction of outlet velocity variances
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Minitab software and ANSYS Fluent software, respectively.
The optimized structure parameters of non-circular nozzles
can enhance the spraying uniformity with a larger spraying
area, leading to a higher plastering quality and efficiency.
The results from the optimal design of non-circular mortar
nozzles indicate the following: (1) the factors’ influence de-
gree on the uniformity of nozzle outlet velocity is as follows:
thickness (C) > length (A) > inlet velocity (E) > width (B) >
water-cement ratio (D); (2) when the factor levels of A3B2C1
(the nozzle length of 150 mm, the width of 150 mm, and the
thickness of 15 mm) is taken, the design scheme is the opti-
mal, i.e., the variance of the outlet velocity is minimum con-
sidering the actual working conditions; and (3) a higher water-
cement ratio and a lower inlet velocity should be chosen as
long as it can meet the requirements of plastering quality and
efficiency. The results provide an important reference for the
systematic design of non-circular mortar nozzles in the future.
This research can be extended to study additional design pa-
rameters, such as the mortar multiphase flow and the vibration
of spraying machines for non-circular or other nozzle shapes.
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