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Abstract: Fertilizer suction flow rate is an important performance parameter of the Venturi
fertilizer applicator. This study aims to analyze the optimal structure of the Venturi fertilizer
applicator with the goal of maximizing the suction flow rate at the same inlet and outlet
pressures. A Venturi tube was used as a simplified case for investigating the Venturi injector.
A calculation formula for the head loss between the inlet and outlet of the Venturi tube was
derived based on the Bernoulli equation and the Darcy–Weisbach formula. Subsequently,
it was modified through regression analysis based on the experimental and numerical
simulation results of the flow on the Venturi tube. The optimal structure of the Venturi
injector was further analyzed based on the head loss calculation formula. The optimal
range for the reducing angle and expanding angle of the Venturi injector were determined
to be 20–28◦ and 6–10◦, respectively. The optimal throat diameter was identified to be
5–7 mm when the inlet flow rates were within the range of 1.5–2.5 m3/h. The optimum
suction pipe diameter and throat pipe length were both equal to the throat diameter.

Keywords: Venturi pipe; internal flow; head loss; multiple linear regression

1. Introduction
The performance of a fertigation system significantly relies on the effectiveness of

the fertilization equipment. The Venturi injector, developed based on the Venturi effect,
plays a crucial role in this regard. Due to its low cost, ease of operation, and consistent
suction flow rate, it is widely employed in drip irrigation [1–3]. Some researchers carried out
experiments to assess the performance of the Venturi injector. For instance, Sobenko et al. [4]
conducted performance tests using water as the suction fluid and proposed a predictive
model for the injection flow rate based on their experimental findings. Furthermore, the
performance of the Venturi injector in a drip fertigation system was assessed in relation
to water and fertilizer uniformity [5]. The uniformity of fertilization using a Venturi
injector in a fertigation system was compared with that of a pressure differential tank and
a proportional fertilization pump. It was found that the uniformity of fertilization with
the Venturi injector and the proportional fertilization pump was better than that with the
pressure differential tank [6]. The performance parameters of the Venturi injector and its
performance in drip irrigation systems have been mastered through experimentation.
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The Venturi injector performance study found that the fertilizer absorption perfor-
mance of the Venturi injector is related to its structure parameters. In an effort to create
a better-structured Venturi fertilizer applicator, early researchers [7–9] created Venturi
injectors with different structures and compared their operating effectiveness. However, as
well as being labor-intensive and time-consuming, the production of Venturi test specimens
requires accuracy in the manufacturing process, which affects the result. Some experimental
factors are more difficult to control, such as changing the inlet flow rate while maintaining
the pressure differential. With the advances in computer technology and Computational
Fluid Dynamics (CFDs), numerical simulation has been an effective method to study the
performance of Venturi injectors with different architectures [10,11]. Many scientists have
used CFD simulation methods to obtain the optimal structural parameters of the Venturi
fertilizer applicator under specific operating conditions, as shown in Table 1 [12–14].

Table 1. Optimal structural parameters of the Venturi fertilizer under different conditions.

Author Specific Operating
Conditions

Optimal Structural Parameters of the
Venturi Fertilizer Applicator

Huang et al. [12] A 3-factor 3-level full
factor experiment

Throat diameter of 8 mm, Slot diameter
of 18.5 mm, Throat length of 14 mm

Wang et al. [13]

Inlet diameter of 14 mm,
Throat diameter of 15 mm,
Inlet pressure of 0.3 MPa,
Outlet pressure of 0.1 MPa

Contraction angle of 20–30◦, Diffusion
angle of 8–10◦, Throat length of
40–50 mm, Ratio of throat diameter to
nozzle diameter of 1.5–1.66

Zhang et al. [14] An orthogonal test of six
factors and five levels

Convergence angle of 24◦, Throat
contraction ratio of 0.2, Throat
length-diameter ratio of 2.0, Expanding
angle of 6◦

The use of numerical simulations to study Venturi injectors could reduce experimental
costs and define structure parameters that are not easily produced in experimental pro-
totypes. Nevertheless, there has been a paucity of attention devoted to comprehensive
optimization methodologies that consider the full range of parameters influencing the per-
formance of Venturi injectors. In addition, while the optimal structure of the Venturi injector
was determined based on experimental or simulation results, it lacks theoretical support.

This study conducted theoretical analysis and numerical simulations to examine
the internal flow characteristics within a Venturi tube. Initially, a theoretical Equation
was formulated to determine the head loss between the inlet and outlet of the Venturi
tube, which was subsequently refined through computational simulations. As a result, a
regression model for calculating the head loss of the Venturi tube was derived. Furthermore,
the throat pressure of the Venturi injector was obtained based on the head loss calculation
formula. The optimal parameters of the Venturi injector were determined according to the
throat pressure calculation formula. The optimal parameters include the reducing angle,
expanding angle, throat length, throat diameter, suction pipe diameter, and inlet flow rate.

2. Materials and Methods
2.1. Theoretical Analysis on the Internal Flow of the Venturi Injector

Figure 1 illustrates the structure of the Venturi injector. The water velocity increases
when water flows through the throat of the Venturi tube and when the pressure at the
throat is decreased. When the velocity reaches a certain value, the pressure at the throat
drops below atmospheric pressure, allowing fertilizer to be drawn into the main body of
the Venturi injector by the sub-atmospheric pressure.
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Figure 1. Structure diagram of the Venturi injector.

The flow regime within the Venturi injector is incompressible and steady and can be
described using the Bernoulli Equation and the continuity Equation [15,16]. Equation (1)
shows the energy Equation at the inlet and throat sections of the Venturi tube.

v1
2

2g
+

p1

ρg
+ z1 =

v2
2

2g
+

p2

ρg
+ z2 + h1−2, (1)

where v1, v2, p1, and p2 are inlet velocity, throat velocity, inlet pressure, and throat pressure
of the Venturi injector; z1 and z2 denote the vertical height of inlet and throat; ρ and
g represent the fluid density and gravitational acceleration; and h1–2 denotes hydraulic
loss form inlet to throat of Venturi injector. The Venturi injector was typically installed
horizontally, resulting in z1 being equal to z2. Equation (1) can be simplified to Equation (2),
as follows:

v1
2

2g
+

p1

ρg
=

v2
2

2g
+

p2

ρg
+ h1−2. (2)

The theoretical formula for calculating the suction flow rate of a Venturi injector, as
depicted in Equation (3), has been proposed in previous research [17,18].

qv =
1
4

πd4
2

√
−2(ρgH + p2)

ρ
, (3)

where qv, d4 and H are the suction flow rate, suction pipe diameter, and suction height.
It was identified form Equation (3) that the suction flow rate could be determined if the
throat pressure was known. Moreover, the suction flow rate was observed to increase as
the throat pressure decreased. Both the suction flow rate and pressure loss between the
inlet and outlet were recognized as important performance parameters of Venturi injectors.
Modification of the venturi injector design, such as throat diameter, reduction angle, and
expansion angle, has been found to provide an opportunity to increase the suction flow
rate while maintaining a constant pressure drop [12,14].

2.2. Theoretical Analysis on Head Loss in the Venturi Tube

The flow rate of suction was lower than the inlet flow of the Venturi injector [19,20],
and the loss caused by the suction pipe was less than other losses. Therefore, it is possible
to simplify a Venturi injector into a Venturi tube to study its internal flow. Figure 2 shows
the simplified Venturi tube.
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The energy Equation at the inlet and outlet sections of the Venturi tube was expressed
in Equation (4).

v1
2

2g
+

p1

ρg
+ z1 =

v3
2

2g
+

p3

ρg
+ z3 + h1−3, (4)

where v3, p3, z3, and h1–3 are the outlet velocity, outlet pressure, potential energy of outlet,
and hydraulic loss form inlet to outlet of Venturi injector. The Venturi tube was usually
installed horizontally, resulting in z1 being equal to z3. Moreover, due to the equal inlet and
outlet diameters, the relationship between flow rate and flow velocity dictates that v1 was
equal to v2. Equation (4) can be simplified and transformed into Equation (5), as follows:

∆p = p1 − p3 = ρgh1–3. (5)

The head loss in the straight pipe section of the Venturi tube is far less than other losses
and therefore deemed negligible. Notably, the head loss from the inlet to the outlet of the
Venturi tube encompassed frictional losses in the reducing, throat, and expanding sections,
as well as local head losses in the reducing and expanding sections. Figure 3 illustrates the
structure of the reducing section. When considering the frictional loss from the inlet to the
x position represented as f (x), the frictional loss from the inlet to the (x + ∆x) position can
be calculated through the Darcy–Weisbach formula, as expressed in Equation (6).

f (x + ∆x) = f (x) + λ(x)
∆x

d(x)
v2(x)

2g
, (6)

where λ(x), d(x), and v(x) denote frictional loss coefficient, cross-sectional diameter, and
velocity in the x position.
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The flow inside the Venturi tube is steady and the inside wall of the tube is smooth.
The water flow is fully developed before entering the Venturi tube. The drag loss coefficient
can be represented by Equation (7).

λ(x) =
0.3164
Re0.25 =

0.3164

[ρv(x)d(x)/µ]0.25 , (7)

where µ is fluid viscosity. Equation (8) can be obtained according to the structure of the
reducing section in Figure 3. From the relationship between flow rate and flow velocity,
Equation (9) can be derived.

d(x) = d1 − 2x tan
α

2
, (8)
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v(x) =
4Q

πd2(x)
, (9)

where α, d1 and Q are reducing angle, inlet diameter of Venturi tube and flow rate. By
Substituting Equations (7)–(9) into Equation (6), Equation (10) was derived.

f (x + ∆x)− f (x) =
(4Q)1.75

2g(ρ/µ)0.25π1.75

0.3164∆x

(d1 − 2x tan α
2 )

4.75 . (10)

Equation (10) can be reformulated into a differential form and integrated to yield
Equation (11), which is used in calculating the frictional loss in the reduction section of the
Venturi tube. Similarly, the frictional loss in the expansion section can be determined using
Equation (12).

hl1 =
0.3164(γ3.75 − 1)

7.5 tan α
2 Re0.25

1

v1
2

2g
= λr

v1
2

2g
, (11)

hl2 =
0.3164(γ3.75 − 1)

7.5 tan β
2 Re0.25

1

v1
2

2g
= λe

v1
2

2g
, (12)

where hl1, hl2, γ, Re1 and β are the frictional loss in the reducing section, the frictional loss in
the expanding section, the contraction ratio of Venturi tube (inlet diameter/throat diameter),
Reynolds number at the inlet of Venturi tube, and the expanding angle, respectively. λr

and λe denote the frictional loss coefficient of the reducing and expanding sections. The
frictional loss in the throat section can be calculated through Equation (13) [21,22].

hl3 =
0.3164
Re0.25

2

l2γ4

d2

v1
2

2g
= λt

v1
2

2g
, (13)

where λt, l2, d2, and Re2 are the frictional loss coefficient, length, diameter, and Reynolds
number of throat section. Local head losses in the reducing and expanding sections can be
calculated using Equation (14) [23,24]. h f1 = ξr

v1
2

2g

h f2 = ξe
v1

2

2g

, (14)

where hf1 and hf2 are local loss in the reducing and expanding sections; ξr and ξe denote
local loss coefficient at major diameter of the reducing and expanding sections. Empirical
formulas for calculating the local loss coefficient of reducing and expanding circular tubes
were as Equations (15) and (16) [25].

ξr =

 0.8 sin α
2 (γ

4 − γ2), α ≤ 45◦

0.5
√

sin α
2 (γ

4 − γ2), 45◦ < α ≤ 180◦
, (15)

ξe =

 2.6 sin β
2 (γ

2 − 1)2, β ≤ 45◦

(γ2 − 1)2, 45◦ < β ≤ 180◦
. (16)

Equation (17), for calculating the head loss from the inlet to the outlet of the Venturi
tube, can be obtained by combining Equations (12)–(14).

h1–3 = hl1 + hl2 + hl3 + h f 1 + h f 2= (λr + λe + λt + ξr + ξe)
v1

2

2g
. (17)
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2.3. Numerical Simulation on the Interflow of the Venturi Tube

The theoretical calculation of head loss from the Venturi inlet to the outlet was derived
in part 2.2. To verify the accuracy of Equation (17), a numerical simulation based on the
Computational Fluid Dynamics (CFD) method was conducted within the Venturi tube.

2.3.1. The Geometric Model

Equation (17) reveals that the head loss through the Venturi tube was intricately linked
to the flow velocity, reducing angle, expanding angle, inlet diameter, and throat diameter. In
reference to common models of Venturi injectors available in the market, the inlet diameter
was designed to be within the range of 15 to 50 mm, while the reducing and expanding
angles were set in the range of 1 to 50◦. Additionally, the Venturi fertilizer applicator with
a throat diameter of less than 5mm is not only difficult to manufacture, but also prone to
cavitation. An orthogonal experiment as shown in Table 2 was designed to simulate the
internal flow of the Venturi tube.

Table 2. Orthogonal design of the Venturi tube experiment.

Factor Level

Reducing angle (◦) 10, 20, 30, 40, 50
Expanding angle (◦) 10, 20, 30, 40, 50
Inlet diameter (mm) 15, 20, 25, 30, 50

Throat diameter (mm) 5, 6, 7, 8, 9
Inlet flow velocity (m/s) 1, 1.2, 1.4, 1.6, 1.8

A geometric model based on the parameters listed in Table 2 was constructed in UG
software (version 12.0, Siemens Digital Industries Software, Plano, TX, USA). Subsequently,
this model was imported into the ICEM module of ANSYS software (version 17.0, ANSYS,
Canonsburg, PA, USA) for meshing. Hexahedral meshes were utilized to establish the
numerical model, and the boundary layer meshes were refined to elevate the simulation
accuracy. To refine the boundary layer mesh, Y+ was set to 30, the estimated wall distance
calculated according to the parameters in Table 2 was 0.27 mm–0.44 mm and the Reynolds
number was 1.5 × 104–9.0 × 104. In order to satisfy the simulation under all parameters,
the wall distance calculated in this research was set to 0.027 mm. One of the numerical
models generated is depicted in Figure 4.Fluids 2025, 10, x FOR PEER REVIEW 7 of 18 
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2.3.2. Governing Equation

The numerical model was integrated into the FLUENT module of the ANSYS software
for calculation. The FLUENT software (version 17.0, ANSYS, Canonsburg, PA, USA) was
run in double precision. As temperature variations were not taken into account during
this study, the energy equation was omitted from the numerical model. The fluid in the
Venturi tube consistently adheres to the principles of mass conservation and momentum
conservation; thus, the continuity equation and the Navier–Stokes equation were utilized
as the fundamental governing equations:

Continuity Equation
∂u
∂x

+
∂v
∂y

+
∂w
∂z

= 0, (18)
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Navier–Stokes Equation


∂(ρu)

∂t +∇(ρuU) = − ∂ρ
∂x + µ∇2u + Fx

∂(ρv)
∂t +∇(ρvU) = − ∂ρ

∂y + µ∇2v + Fy

∂(ρw)
∂t +∇(ρwU) = − ∂ρ

∂z + µ∇2w + Fz

, (19)

where U is the velocity vector; u, v, and w denote the component of the velocity vector in
the x, y, and z directions; and Fx, Fy, and Fz are the components of the physical force in the
x, y, and z directions.

2.3.3. Boundary Conditions

Velocity inlet and pressure outlet conditions were selected as the boundary condi-
tions. The flow in the Venturi tube was incompressible, and the flow state was turbulent.
Consequently, the standard k–ε turbulence model [26,27] was employed in the simulation.
Gravity was taken into account, and the gravitational acceleration was set to −9.81 ms−2.
The standard wall functions were used for near-wall treatment, while the pressure–velocity
coupling scheme was set as SIMPLE (Semi-Implicit Method for Pressure-Linked Equations).
The spatial discretization was established as follows: the gradient was discretized based
on least square elements, second-order discretization was employed for the pressure equa-
tion, second-order upwind was utilized for turbulent kinetic energy, turbulent dissipation
rate discretization, and discretizing the momentum equation. A convergence accuracy of
10−5 was set. The simulation results were post-processed using the CFD-POST software
(version 17.0, ANSYS, Canonsburg, PA, USA).

2.3.4. Grid Independence Verification

The accuracy of the simulation would be affected by the mesh quality, so the appropri-
ate mesh size should be selected to ensure high simulation accuracy and short simulation
time. Hexahedral meshes with global dimensions of 0.8, 0.9, 1.0, 1.1, and 1.2 mm were
employed, taking a Venturi tube with an inlet diameter of 15 mm, a throat diameter of
5 mm, a throat length of 10 mm, a reducing angle of 20◦, and an expanding angle of 10◦ as
an example. The inlet velocity was set to 1 m/s, while the outlet pressure was maintained
at atmospheric levels. Figure 5 illustrates the static pressure along the axial direction of the
Venturi tube. Interestingly, as the grid size decreased to less than 1 mm, the static pressure
at the same axial position remained essentially unchanged. Consequently, a grid with a
global size of 1 mm emerged as the optimal solution, balancing simulation accuracy and
time efficiency. Subsequent research will utilize a 1 mm hexahedron grid to mesh Venturi
tubes of varying sizes.
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2.3.5. Comparison of Numerical and Experimental Results

A prototype Venturi tube as shown in Figure 6, with engineering plastic material, an
inlet diameter of 15 mm, a throat diameter of 5 mm, a throat length of 10 mm, a convergence
angle of 20◦, and an expansion angle of 10◦ was fabricated using a 3D printer (F152,
WEEDO, Nanjing, China) to conduct a validation experiment. The relationship between
the flow rate and pressure of the Venturi tube was examined, and the experimental results
were compared with the simulation outcomes. The experimental setup for evaluating
the hydraulic performance of the prototype is depicted in Figure 7. A variable frequency
centrifugal pump (CM5-6, Grundfos, Suzhou, China) with a rated flow of 5 m3/h and a head
of 45 m was utilized to supply water in the experimental system. The nominal diameter of
the pipes used for testing was 15 mm. Two 15 mm ball valves were employed to regulate
the pressure difference between the inlet and outlet of the Venturi tube. An electromagnetic
flowmeter (DN15, Fengkong, Hangzhou, China, accuracy of ±0.5%) precisely measured
the water flow through the Venturi tube. Additionally, two digital display pressure gauges
(YB-80A, XuanSheng, Suzhou, China, with a range of 0~0.4 MPa and an accuracy of ±0.3%)
were installed upstream and downstream of the Venturi tube to monitor the inlet and outlet
pressure. During the experiments, the flow rate of the pump was set to 1 m3/h, and the
outlet pressure of the Venturi tube was adjusted to 0, 50, 100, and 150 kPa, respectively.
Subsequently, the pressure value at the inlet of the Venturi tube was recorded. Each
experiment was repeated three times, and the same parameters were employed in the
simulation to facilitate a comparative analysis of the results.
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The wall roughness constant (Ks) of the Venturi tube was set as 0.3, 0.4, and 0.5 to
investigate the effect of wall roughness on the head loss. The experimental and simulation
results are demonstrated in Table 3. It was observed that the inlet pressure increased propor-
tionally with an increase in the outlet pressure, with a consistent incremental pattern. The
effect of wall roughness on losses can be ignored in numerical simulations. In the following
studies, the Ks of the Venturi tube was set to 0.5. The disparities between the simulation
and experimental results were found to be between 2.02% and 5.21%. Consequently, the
simulation method proposed in this study was deemed viable, demonstrating the capability
to accurately simulate the internal flow within a Venturi tube.
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Table 3. Comparison of the inlet pressure for the Venturi tube in experimental and simulation results.

Inlet Flow
(m3/h)

Outlet
Pressure (kPa)

Inlet Pressure

Experiment
(kPa)

Simulation (kPa)
Deviation

Rs = 0.3 Rs = 0.4 Rs = 0.5

1 0 19.8 ± 0.5 20.7 20.4 20.2 2.02%~4.55%
1 50 67.2 ± 0.6 70.7 70.4 70.2 4.46%~5.21%
1 100 115.5 ± 0.5 120.7 120.4 120.2 4.06%~4.50%
1 150 162.4 ± 0.2 170.7 170.4 170.2 4.80%~5.11%

3. Results
3.1. Internal Flow State of the Venturi Tube

A Venturi tube with an inlet diameter of 15 mm, a throat diameter of 5 mm, a throat
length of 10 mm, a reducing angle of 20◦, and an expanding angle of 10◦ was taken as an
example. The inlet velocity was set to 1 m/s. The velocity contours of the flow field in the
Venturi tube can be observed in Figure 8. The velocity was found to reach its maximum at
the throat section and remained largely unchanged. As water flowed through the reducing
and expanding sections, the velocity gradually increased and decreased, respectively. In
the reducing and expanding sections, a discernible trend of high center velocity and low
wall velocity was observable, which was attributed to the obstructive influence of the wall
surface on the flow. The radial velocity gradient in the expanding section was observed to
be larger than that in the reducing section. Water would flow from the expanding section
to the straight section, passing over a given distance to maintain a nearly constant velocity.
Figure 9 illustrates the pressure distribution in the Venturi tube. It was apparent that the
pressure decreased as the diameter of the pipe decreased. Notably, the relative pressure
became negative (less than 0) when the pipe diameter reached a certain value. Furthermore,
due to the minimum diameter, the relative pressure was at its minimum in the throat
section, with a value of −33,817 Pa.
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3.2. Verification and Revision of the Loss Calculation Equation

Taking a Venturi tube with an inlet diameter of 15 mm, a throat diameter of 5 mm,
a throat length of 10 mm, a reducing angle of 20◦, and an expanding angle of 10◦ as an
example, the calculation and simulation of head losses of the Venturi tube at different flow
rates were recorded in Table 4. It was observed that the loss in calculation was significantly
higher than the loss in simulation. This was due to the uneven velocity distribution in
the pipe caused by the gradual change in the flow area, resulting in a large deviation
in the calculation equation. Additionally, the deviation was found to increase with the
inlet velocity.

Table 4. Calculation and simulation head losses of the Venturi tube at different flow rates.

Velocity (m/s) Simulation Loss (m) Calculation Loss (m) Deviation (%)

1 0.912 1.602 43.07
1.2 1.282 2.287 62.73
1.4 1.707 3.092 86.45
1.6 2.188 4.015 114.04
1.8 2.724 5.056 145.57

It was necessary to revise Equation (18) to enhance the accuracy of head loss calcula-
tions. The revision coefficients were multiplied before each loss coefficient in Equation (15)
to derive the revised Equation, as shown in Equation (20).

h1–3 = (aλr + bλe + cλt + f ξr + jξe)
v1

2

2g
, (20)

where a, b, c, d, e, and f were revision coefficients. An Orthogonal table of L25(5factor-6
level) was constructed based on the parameters in Table 2. The simulation head losses,
inlet velocity, and Venturi tube parameters were then substituted into Equation (20). The
regression formula, as depicted in Equation (21), was derived through regression anal-
ysis employing Origin software (version 9.1, OriginLab, Northampton, MA, USA). The
deviations between the simulation head loss and the loss calculated by Equation (21) were
summarized in Table 5. It was found that the maximum deviation was 8.68%, while the
average deviation was 4.43%.

h1–3 = (2.103λr + 1.378λe + 1.2λt + 0.221ξr + 0.465ξe)
v1

2

2g

λr =
0.3164(γ3.75−1)
7.5 tan α

2 Re0.25
1

λe =
0.3164(γ3.75−1)
7.5 tan β

2 Re0.25
1

λt =
0.3164
Re0.25

2

l2γ4

d2
(R2 = 0.945)

ξr =


0.8 sin α

2 (γ
4 − γ2), α ≤ 45◦

0.5
√

sin α
2 (γ

4 − γ2), 45◦ < α ≤ 180◦

ξe =

 2.6 sin β
2 (γ

2 − 1)2, β ≤ 45◦

(γ2 − 1)2, 45◦ < β ≤ 180◦

(21)
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Table 5. Loss of Venturi tubes with different structures.

α
(◦)

β
(◦)

d1
(mm)

d2
(mm)

v1
(m/s)

hs1
(m)

h1
(m)

hs2
(m)

h2
(m)

hs3
(m)

h3
(m)

hs
(m)

h1–3
(m)

δ
(%)

10 10 15 5 1 0.33 0.34 0.21 0.22 0.52 0.53 1.06 1.09 2.26
20 20 15 6 1.2 0.18 0.17 0.11 0.12 0.49 0.49 0.78 0.78 0.00
30 30 15 7 1.4 0.12 0.12 0.09 0.08 0.43 0.43 0.63 0.63 0.00
40 40 15 8 1.6 0.07 0.09 0.04 0.05 0.35 0.36 0.46 0.50 8.68
50 50 15 9 1.8 0.07 0.07 0.04 0.04 0.24 0.25 0.35 0.36 2.71
20 30 20 5 1.6 1.85 1.85 1.36 1.34 9.80 9.78 13.03 12.97 0.49
30 40 20 6 1.8 1.18 1.21 0.65 0.69 7.18 7.22 9.02 9.13 1.19
40 50 20 7 1 0.23 0.23 0.12 0.12 1.24 1.25 1.59 1.60 0.81
50 10 20 8 1.2 0.22 0.21 0.10 0.09 0.24 0.24 0.55 0.53 3.24
10 20 20 9 1.4 0.17 0.18 0.06 0.07 0.40 0.42 0.63 0.67 6.44
30 50 25 5 1.2 2.83 2.79 1.80 1.77 20.28 20.18 24.92 24.75 0.71
40 10 25 6 1.4 1.93 2.09 0.93 0.98 2.85 3.07 5.71 6.13 7.35
50 20 25 7 1.6 1.62 1.61 0.66 0.59 4.05 3.92 6.33 6.13 3.16
10 30 25 8 1.8 1.09 1.03 0.45 0.39 4.62 4.51 6.16 5.93 3.80
20 40 25 9 1 0.14 0.17 0.08 0.08 0.96 1.01 1.18 1.26 7.48
40 20 30 5 1.8 14.64 14.78 6.66 6.82 42.13 43.95 63.43 65.55 3.35
50 30 30 6 1 2.39 2.51 0.96 1.03 8.88 9.40 12.23 12.93 5.74
10 40 30 7 1.2 1.37 1.63 0.59 0.68 9.54 9.99 11.50 12.30 6.90
20 50 30 8 1.4 1.04 1.06 0.41 0.47 7.66 8.26 9.11 9.79 7.52
30 10 30 9 1.6 0.87 0.94 0.34 0.34 1.46 1.58 2.67 2.86 7.09
50 40 50 5 1.4 73.55 77.7 23.22 26.27 382.35 409.59 479.12 513.56 7.19
10 50 50 6 1.6 25.74 31.94 12.65 13.96 286.13 299.18 324.52 345.08 6.33
20 10 50 7 1.8 18.59 20.6 7.63 8.25 45.32 48.6 71.54 77.44 8.25
30 20 50 8 1 4.25 4.56 1.44 1.56 15.34 16.23 21.03 22.36 6.33
40 30 50 9 1.2 4.63 4.80 1.16 1.23 20.44 20.97 26.23 27.00 2.95

α, β, d1, d2, v1, and δ denote the reducing angle, expanding angle, inlet diameter, throat diameter, inlet velocity,
and deviation between hs and h1–3. hs1, hs2, hs3, and hs are the simulation head loss in the reducing section, throat
section, expanding section, and between the inlet and outlet. h1, h2, h3, and h1–3 are head loss in the reducing
section, throat section, expanding section, and between the inlet and outlet calculated by regression Equation.

Equation (21) was obtained under orthogonal experimental conditions, and it was
imperative to verify whether it maintained accuracy under various other conditions. To
conduct this verification, random structure parameters and inlet velocities were selected,
as shown in Table 6. The simulation and calculation head losses were also detailed in
Table 6, revealing that the maximum deviation among the eight groups of experiments was
8.11%. In summary, Equation (21) exhibited high accuracy in calculating the head loss of
the Venturi tube.

Table 6. Verification of the modified formula’s accuracy outside the orthogonal test’s value range.

α (◦) β (◦) d1 (mm) d2 (mm) v1 (m/s) hs (m) h1–3 (m) Deviation (%)

60 180 15 10 1 0.13 0.12 6.71
80 160 20 11 2 1.62 1.54 5.13
90 140 25 12 2.2 3.96 3.69 6.75

100 120 25 13 2.4 2.81 2.73 3.00
120 100 30 14 2.6 5.57 5.12 8.11
140 90 30 15 2.4 2.99 2.92 2.34
160 80 50 16 2 15.77 15.44 2.06
180 60 50 17 1.8 8.21 7.90 3.72

Further investigations were conducted using sensitivity analysis [28] to assess the
impact level of the reducing angle, expanding angle, inlet diameter, throat diameter, and
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inlet velocity on the head loss. The reference values for each parameter were as follows:
α = 20◦, β = 10◦, d1 = 20 mm, d2 = 5 mm, and v1 = 1 m/s. The sensitivity analysis was
performed within a ±10% range. The sensitivity of head loss to various parameters can be
approximately expressed as shown in Equation (22). It was observed that the head loss of
the Venturi tube was most sensitive to the inlet velocity, followed by the throat diameter,
the inlet diameter, the expanding angle, and the reducing angle.

∆h1–3 = 0.01∆α

∆h1–3 = 0.07∆β

∆h1–3 = 0.56∆d1

∆h1–3 = −2.34∆d2

∆h1–3 = 5.27∆v1

. (22)

3.3. Optimum Design Analysis of the Venturi Injector Based on the Head Loss Regression Formula

The total head loss between inlet and throat sections of the Venturi injector encom-
passed the frictional loss and local loss in the reducing section, as well as the frictional loss
in the throat section. According to Equation (21), the total head loss between inlet and throat
sections of the Venturi injector (h1–2) can be expressed as Equation (23). Typically, the suc-
tion pipe was installed in the middle of the throat pipe; thus, the frictional loss in the throat
section was calculated as half of the throat loss of the Venturi tube. Equation (24), which
calculates throat pressure, was derived by combining Equations (2), (5), (21), and (23).

h1–2 = (2.103λr + 0.221ξr + 0.6λt)
v1

2

2g
, (23)

p2 = p3 +
1 − γ4 + 1.378λe + 0.6λt + 0.465ξe

2.103λr + 1.378λe + 1.2λt + 0.221ξr + 0.465ξe
∆p. (24)

3.3.1. Optimal Throat Pipe Length

It was observed that the suction flow rate of the Venturi injector increased as the
suction pipe diameter increased [29,30]. The suction pipe is installed at the throat pipe,
so the suction pipe diameter should be less than or equal to the throat pipe diameter. To
achieve a greater suction flow rate of the Venturi injector, the optimal suction pipe diameter
was equal to the throat pipe diameter. Additionally, it was noted from Equation (24) that
the negative pressure at the throat section decreased as the throat length increased. Thus,
to achieve a greater suction flow rate of the Venturi injector, the throat pipe length should
be as short as possible. Since the throat pipe length was less than the suction pipe diameter,
the optimal throat pipe length was also equal to the throat pipe diameter.

3.3.2. Optimal Reducing Angle and Expanding Angle

Following a consolidation of similar items in Equations (11)–(16), it was found that
λr, λe, ξr, and ξe are functions of α and β. This led to the derivation of Equation (25). It
was observed from Equation (25) that p2 decreased with the decreasing values of f (α) and
f (β), resulting in p2 being at a minimum when both f (α) and f (β) reached their minimum,
leading to maximum throat negative pressure.

p2 = p3 +
1 − γ4 + f (β) + 0.6λt

f (α) + f (β) + 1.2λt
∆p, (25)
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where

f (α) =


0.089

Re0.25
1 tan α

2
(γ3.75 − 1) + 0.177 sin α

2 (γ
4 − γ2), α ≤ 45◦

0.089
Re0.25

1 tan α
2
(γ3.75 − 1) + 0.111

√
sin α

2 (γ
4 − γ2), 45◦ < α ≤ 180◦

f (β) =


0.058

Re0.25
1 tan β

2
(γ3.75 − 1) + 1.209 sin β

2 (γ
2 − 1)2, β ≤ 45◦

0.058
Re0.25

1 tan β
2
(γ3.75 − 1) + 0.465(γ2 − 1)2, 45◦ < β ≤ 180◦

(26)

The extreme points varied with changes in the inlet velocity and the parameters of
the Venturi injector. Therefore, the inlet velocity, as well as the inlet and throat diameters,
were substituted into f (α) and f (β) to determine the optimal reducing angle and expanding
angle. The structure parameters of the Venturi injector were chosen by referencing common
products available in the market, as depicted in Figure 10. It was difficult to find the
extreme points directly from the expressions of f (α) and f (β). Consequently, values of α

and β were iterated at 1◦ intervals between 0◦ and 180◦ to identify the extreme points for
Venturi injectors with different structural configurations. The corresponding relationship
between α, β and f (α), f (β) was presented in Figure 10. There were significant differences on
f (α) and f (β) when the inlet and throat diameter changed while the extreme points of α and
β were close. It was observed that f (α) initially decreased and then increased as α increased.
Similarly, from Figure 10, it was noted that f (β) initially decreased, followed by an increase,
and then exhibited a slight decrease as β increased. Despite subtle variations in the values of
f (α) and f (β) with changes in the inlet velocity, the optimal reducing and expanding angles
only marginally increased with an increase in the inlet velocity. Significant differences were
observed in f (α) and f (β) with changes in the inlet and throat diameters, despite the close
proximity of the extreme points of α or β. The values of α and β that minimized f (α) and
f (β) were found to be in the ranges of 20–28◦ and 6–10◦, respectively. Additionally, minimal
changes were observed in f (α) and f (β) when α and β varied near their extreme points.
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3.3.3. Optimal Throat Diameter

Equation (3) revealed that as the negative pressure within the Venturi throat increased,
the suction flow rate also increased. In fact, the suction flow rate would remain unchanged
if the negative pressure of the Venturi injector increased to a certain value. This was
because the cavitation occurred in the Venturi throat when the negative pressure was high,
and bubbles hindered the suction of the fertilizer. The optimization of throat negative
pressure is achieved by increasing it to an appropriate level while avoiding cavitation. The
saturated vapor pressure of water at room temperature (25 ◦C) was 2337 Pa, and the relative
pressure was −98.988 kPa. Thus, cavitation would occur in the Venturi throat when the
throat pressure was less than −98.988 kPa. The throat pressure should be better between
−98.988 kPa and 0 kPa. The optimal range for the reducing and expanding angles was
found to be 20–28◦ and 6–10◦, respectively, with marginal differences in throat pressures
within this range. In this study, the optimal throat diameter of the Venturi injector was
explored based on a reducing angle of 24◦ and an expanding angle of 8◦. The throat
length equaled the inlet diameter. The inlet diameters (15, 20, 25, 30, and 50 mm) were
chosen following common market products. To facilitate production, the throat diameter
was rounded to a range of 5–8 mm, as diameters under 5 mm would be impractical for
throat section production. The Venturi injector was typically utilized in drip irrigation,
where the standard dripper working pressure was 100 kPa. Thus, for this investigation,
the outlet pressure of the Venturi injector was set at 100 kPa. Common flow rates for drip
irrigation systems range from 1.5 to 2.5 m3/h. Thus, flow rates of 1.5, 2.0, and 2.5 m3/h
were employed in this study.

These parameters were input into Equation (24) to calculate the throat pressure, the
results of which are presented in Figure 11. Interestingly, it was observed that little influence
of the inlet diameter on the throat pressure. The negative pressure in the throat section
increased as inlet flow rates increased and throat diameters decreased. For an inlet flow
rate of 1.5 m3/h, the negative pressure within the throat section surpassed the cavitation
threshold pressure when the throat diameter was less than 5 mm. Conversely, the throat
pressure exceeded 0 when the throat diameter exceeded 6 mm. Consequently, the optimal
throat diameter was determined to be 5 mm at an inlet flow rate of 1.5 m−3h. Similarly, at
inlet flow rates of 2.0 and 2.5 m3/h, the optimal throat diameters were found to be 6 mm
and 7 mm, respectively.
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4. Discussion
The radial velocity gradient in the expanding section was observed to be greater

than that in the reducing section. This disparity indicated that the expanding section of
the Venturi tube would induce more significant interference with water flow, ultimately
leading to a higher pressure loss compared to the reducing section. Notably, this study was
conducted without considering cavitation, assuming that cavitation would occur when the
throat pressure was less than −98.988 kPa. Similar findings were also reported by several
researchers [31,32]. The optimal reducing and expanding angles of the Venturi injector were
derived based on the formula for calculating throat pressure. Regarding the investigation of
the optimal reducing and expanding angles, some researchers have explored this through
experiments and numerical simulations. For instance, it was discovered that for a Venturi
injector with an inlet diameter of 25 mm and a throat diameter of 5 mm operated under
an inlet flow of 1 ms−1, the optimal reducing and expanding angles were found to be
20 and 8◦ [33]. Similarly, another study revealed that when the inlet flow was 0.519 ms−1,
the inlet diameter was 15 mm, the throat diameter was 5 mm, and the optimal reducing
and expanding angles were 25 and 7◦ [34].

By substituting the aforementioned data into Equation (26) and rounding α and β

between 0 and 180◦ into f (α) and f (β), the obtained optimal reducing and expanding
angles were consistent with the results of the aforementioned research. This reaffirmed the
accuracy of the formula proposed in this study for calculating the throat pressure of the
Venturi injector.

5. Conclusions
(1) Frictional losses and local head losses in the reducing, throat, and expanding sections

of the Venturi injector were analyzed based on fluid mechanics. Subsequently, a
theoretical equation for calculating the head loss between the inlet and outlet of the
Venturi tube was proposed. To verify and refine the theoretical equation, simulations
based on CFD methods were conducted. The coefficient of determination of the
regression equation was 0.945. The average deviation between the simulated and
calculated head loss was 4.43%. The regression equation can be reliably utilized for
head loss calculations in the Venturi tube;

(2) The equation for calculating the throat pressure of the Venturi injector was derived
based on the regression equation for head loss. Subsequently, the optimal structure
parameters of the Venturi injector were analyzed to maximize the suction flow rate
of the Venturi injector under identical inlet and outlet pressures. The optimal throat
length and suction pipe diameter were set equal to the throat diameter of the Venturi
injector. The optimal range for the reducing angle and expanding angle of the Venturi
injector were identified as 20–28◦ and 6–10◦, respectively. Moreover, it was determined
that the optimal throat diameter fell within the range of 5–7 mm when the inlet flow
rate ranged from 1.5 to 2.5 m3/h. These results provide a theoretical framework for
parameter optimization in diverse applications;

(3) The throat pressure calculation model established in this study has significant en-
gineering application value. When certain parameters (such as inlet flow rate and
inlet diameter) have been determined in actual working conditions, the optimal struc-
tural parameters can be rapidly solved based on this model. For open systems with
completely variable parameters, an optimization range is provided that includes
the contraction angle, diffusion angle, and throat diameter. The model’s versatility
extends to a range of applications, including agricultural irrigation and fertilization
and industrial liquid mixing, among others.
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