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Abstract 

As electro-hydrostatic actuator (EHA) technology advances towards lightweight and integration, the demand 
for enhanced internal flow pathways in hydraulic valve blocks intensifies. However, owing to the constraints imposed 
by traditional manufacturing processes, conventional hydraulic integrated valve blocks fail to satisfy the demands 
of a more compact channel layout and lower energy dissipation. Notably, the subjectivity in the arrangement 
of internal passages results in a time-consuming and labor-intensive process. This study employed additive manufac-
turing technology and the ant colony algorithm and B-spline curves for the meticulous design of internal passages 
within an aviation EHA valve block. The layout environment for the valve block passages was established, and path 
optimization was achieved using the ant colony algorithm, complemented by smoothing using B-spline curves. 
Three-dimensional modeling was performed using SolidWorks software, revealing a 10.03% reduction in volume 
for the optimized passages compared with the original passages. Computational fluid dynamics (CFD) simulations 
were performed using Fluent software, demonstrating that the algorithmically optimized passages effectively pre-
vented the occurrence of vortices at right-angled locations, exhibited superior flow characteristics, and concurrently 
reduced pressure losses by 34.09%–36.36%. The small discrepancy between the experimental and simulation results 
validated the efficacy of the ant colony algorithm and B-spline curves in optimizing the passage design, offering 
a viable solution for channel design in additive manufacturing.
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1 Introduction
Aviation electrical hydrostatic actuator (EHA) is the core 
component of flight control of large passenger aircraft 
and advanced fighter aircraft, and it is key to realizing the 
intelligent drive of high-end equipment. Power-to-weight 

ratio is a key performance metric for assessing the effi-
cacy of an EHA. Consequently, weight reduction and 
pressure loss mitigation, assume significant roles in aug-
menting the power-to-weight ratio; energy efficiency and 
payload can also be greatly improved [1].

A schematic and 3D model of an aviation EHA are 
shown in Figure  1. The servomotor propels the pump, 
and hydraulic oil is introduced into the hydraulic cylin-
der to effectuate the extension and retraction movements 
of the cylinder. The system employs a modal-switching 
valve to effectuate the transition between different opera-
tional states.

Weight reduction in the EHA is achieved through the 
integration of machinery, electricity, and hydraulics, 
thereby effectively eliminating the requirement for a 
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centralized hydraulic energy system. The hydraulic valve 
block serves as the focal point for the integrated design 
of the EHA. The processing of the flow channel in a tra-
ditional hydraulic valve block is generally realized by 
drilling, widening, and tapping that results in several 
inherent drawbacks. The machining of deep and inclined 
holes encounters difficulties, leading to a predominance 
of perpendicular hole configurations. Consequently, the 
fluid undergoes substantial alterations in velocity and 
direction as it traverses orthogonal channels, result-
ing in significant energy losses owing to fluid collisions. 
Furthermore, the sealing of the holes within the hydrau-
lic valve block necessitates the application of a series of 
plugs that is prone to inadequate sealing and an elevated 
risk of leakage [2]. Additionally, the imposition of a man-
datory safety distance between distinct channels restricts 
the freedom to construct compact flow channels [3, 4].

To address the challenges associated with traditional 
processing methods, researchers have used additive 
manufacturing technology to design the flow channels of 
valve blocks. Additive manufacturing technology offers 
freedom from the constraints imposed by machining 

methods and degrees of freedom, enabling the design 
and production of lightweight hydraulic valve blocks with 
complex shapes [5–9]. This technology has been success-
fully applied in aerospace, industrial robots, automobiles, 
and construction machinery [10]. Cooper et  al. applied 
additive manufacturing technology to vehicles, replac-
ing the right angles in engine flow channels with rounded 
corners. This modification resulted in a 160% increase 
in the flow rate at the center and a 250% increase in the 
flow rate at the end, thereby significantly enhancing the 
performance of the flow channel [11]. Semini et al. nota-
bly improved the hydraulic flow channels of hydraulically 
driven quadruped robot HyQ2Max using additive manu-
facturing technology. By achieving smooth transitions 
between orthogonal vertical channels, they significantly 
enhanced the flow characteristics and achieved a weight 
reduction of 39.8% compared with traditional designs [3]. 
In addition, Zhang et  al. adopted the connection form 
of a smooth transition for the right-angle region and 
obtained the values of the optimal inner and outer cor-
ner radii of the flow channel [12, 13]. Overall, the utiliza-
tion of additive manufacturing technology demonstrated 

(a) Principle and three-dimensional model of an EHA

(b) Obstacles and flow channels to be optimized

Figure 1 EHA and the model to be optimized
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significant potential for optimizing flow channels, ena-
bling improved performance, reducing weight, and 
enhancing flow characteristics in various applications 
[14].

However, the arrangement of the flow channels within 
the valve block presents a significant workload. Design-
ers are required to dedicate substantial time and effort 
to consider the relative spatial positions of the chan-
nels to prevent collisions, resulting in high production 
costs. Consequently, the manual design approach entails 
lengthy cycles and low efficiency [15, 16]. Therefore, an 
automated optimization tool for flow channels must be 
urgently developed based on additive manufacturing to 
assist inexperienced engineers in streamlining the design 
process. Ma et al. developed an automatic optimal design 
program for a traditional hydraulic manifold block by 
automatically planning a valve block flow path. However, 
only an optimal design of the transition area was per-
formed, and automatic path planning of the entire pro-
cess was not considered [17].

The automatic optimization of flow channels prob-
lem can be likened to an automatic path planning prob-
lem. Various algorithms exist for solving path planning 
problems, including artificial potential field methods, 
graph-based search algorithms, genetic algorithms, and 
ant colony algorithms. Each algorithm has its own set 
of advantages and disadvantages. The artificial poten-
tial field method may fail to determine a solution when 
obstacles are densely packed or in close proximity to a 
target point. The cost of graph-based search algorithms 
increases rapidly with the number of spatial dimensions 
to search [18]. Genetic algorithms involve extensive cal-
culations and are challenging to apply and optimize for 
high-dimensional problems. By contrast, the ant col-
ony algorithm is a novel optimization algorithm that 
addresses complex combinatorial optimization problems 
[19]. It has been widely applied in various domains such 
as robot routing, scheduling, and vehicle routing prob-
lems [20–24]. The ant colony algorithm exhibits strong 
robustness and enables automatic optimization without 
manual intervention [25]. Moreover, it is categorized as 
a typical incomplete algorithm. Compared with other 
algorithms, the ant colony algorithm has demonstrated 
higher operational efficiency and enhanced computa-
tional accuracy [26, 27]. The efficiency of ant colony algo-
rithms assumes particular significance in scenarios where 
the problem characteristics or the choice of the algorithm 
is not known in advance [26].

The ant colony algorithm represents the optimal path 
by storing coordinate points connected by straight lines. 
However, this approach introduces discontinuities and 
poses challenges when applied to flow channel optimiza-
tion because of the need for smoothness at these points. 

To address this issue and achieve point smoothness, 
additional path optimization methods are required. In 
engineering, two types of fitting curves are commonly 
used: The local transition method and the global fitting 
method, exemplified by the B-spline curve. The design of 
flow channels often incorporates arc transition curves to 
mitigate the pressure losses. The B-spline curve offers a 
highly practical solution for high-dimensional optimiza-
tion problems with multiple nonlinear constraints [28]. 
This is an efficient path optimization method character-
ized by lower computational costs and reduced running 
times [28, 29].

The focus of this study is the pipeline connecting the 
mode switching valve, hydraulic cylinder, and circuit con-
trol box in the EHA, as depicted in Figure 1 (b). Based on 
the special-shaped flow channel of additive manufactur-
ing, automatic optimization of the ant colony algorithm, 
and B-spline theory, an optimization method for the flow 
channel transition area is studied. This study delves into 
an optimization methodology for special-shaped chan-
nels and ultimately uses additive manufacturing tech-
nology to fabricate the flow channel, thereby confirming 
the feasibility of the optimization method. Implementa-
tion of this approach is anticipated to reduce the weight 
of the fluid transmission devices, leading to an enhanced 
power density of the hydraulic system. This improve-
ment is conducive to accomplishing flight missions with 
improved safety and efficiency.

2  Flow Path Planning Based on the Ant Colony 
Algorithm and B‑Spline Theory

2.1  Environmental Modeling
The spatial model of the flow channel and obstacle to 
be optimized are represented using the grid method in 
the MATLAB software platform. The objective of plan-
ning and designing a two-dimensional plane pipeline is 
to identify a flow path that can circumvent the obstacle 
while achieving the shortest possible distance.

2.1.1  Pre‑Treatment of the Entrance, Exit, and Obstacle
As shown in Figure  2 (a), to maintain perpendicularity 
between Inlet A and Outlet B and the Y-axis direction, 
a specific distance is deducted along the Y-axis direc-
tion. Subsequently, Inlet A and Outlet B are relocated 
to the starting point. Thus, irrespective of the type of 
curve obtained using the algorithm, it can be extended 
smoothly to the entrance and exit positions along the 
Y-axis, facilitating a seamless transition. This approach 
not only ensures that the generated flow channel is bet-
ter assembled with other interfaces, but also reduces 
the number of nodes searched in the algorithm, thereby 
improving the search efficiency.
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Because a curve is generated instead of an applicable 
flow channel, the obstacle undergoes preprocessing to 
prevent any intersection with the flow channel. The size 
of the obstacle after undergoing pre-treatment is pre-
sented in Eq. (1). The procedure for handling the obstacle 
is illustrated in Figure 2 (b).

Eq. (1) defines the parameters related to the obstacle 
after pre-treatment. Lc1 and Lc2 represent half the long 
and short sides of the obstacle, respectively, following 
the preprocessing stage. L1 and L2 denote half the long 
and short sides of the original obstacle, respectively. The 
radius of the flow channel is denoted by r, and ε repre-
sents the reserved space.

2.1.2  Establishment of an Environmental Model
Figure  3 illustrates the construction of a 20 × 20 space 
model; this is further divided into 400 rectangular cells. 
According to the initial EHA model, the vertex coordi-
nates of the obstacle are (3, 5), (3, 15), (11, 5) and (11, 15). 
Furthermore, the pipeline is defined by its starting point 
at (7.5, 18.5) and end point at (19.5, 1.5), as shown in Fig-
ure 3. To prevent ants from crossing the obstacle, a con-
strained obstacle is introduced with vertex coordinates at 
(8, 15), (8, 20), (9, 15), and (9, 20).

2.2  Principle of Path Search
2.2.1  State Transition Formula of the Ant Colony
The automated planning process for the channel is illus-
trated in Figure  4. Essentially, this initially uses an ant 
colony algorithm to discover an optimal path. Subse-
quently, this path is smoothed using B-spline curves.

Each ant follows a specific protocol in which it depos-
its a measured quantity of pheromones along its tra-
jectory, starting from the initial point. This behavior 

(1)
Lc1 = L1 + r + h+ ε,

Lc2 = L2 + r + h+ ε.

is consistently exhibited by all ants throughout their 
actions. Each ant releases a uniform number of phero-
mones. The movement path selection of all ants is con-
tingent on both the pheromone concentration and the 
length of each route, following the probabilistic model 
defined in Eq. (2).

The state transition formula for ants to randomly select 
the next node from the current position is as follows [22]:

(2)Pm
ij =
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0, otherwise,
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(a) Pre-treatment of entrance 

and exit
(b) Pre-treated obstacle

Figure 2 Pre-treatment of the entrance, exit, and obstacle

Figure 3 Environmental modeling
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where i and j represent the previous and next nodes, 
respectively. dij denotes the Euclidean distance between 
two points i and j, τij denotes the pheromone concen-
tration from i to j at time t, and  allowedk represents a 

collection of nodes that have not yet been accessed. β is 
the factor of heuristic function and takes the value 7. α is 
the pheromone factor and takes the value 1.

The path traversed by each ant is meticulously 
recorded, and the path length is computed. Additional 
ants are successively introduced to search for paths 
until all the ants within the generation have completed 
their search. A comparison was then made between the 
lengths of the paths traversed by all the ants. To enhance 
the convergence of the results, only the information 
pertaining to the ants that have taken the shortest path 
within the current generation is recorded. Finally, the 
optimal path of the current generation is compared with 
the historical optimal path, and the optimal data are pre-
served for further analysis and evaluation.

2.2.2  Update of Global Pheromones
The pheromones on the global path are updated, with a 
particular emphasis on updating the pheromones solely 
on the optimal path of the current generation. This selec-
tive update approach promotes the convergence of the 
path length of the ant colony. The pheromone update for-
mula, as defined in Eq. (3), is employed in this process. 
The resulting path is visually presented in Figure 5, and 
according to statistics, the path optimization time is 24.4 
s.

(3)

τij(t + 1) = τij(t) ·
�

1− ρρ
�

+�τij ,

�τij =

m
�

k=1

�τ kij ,

τ kij =







Q

Lk
, if ant k goes through the path node i to j,

0, otherwise,

Figure 4 Flow chart of the automatic flow channel arrangement

Figure 5 Optimal path and convergence curve
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where τij(t+1) represents the pheromone content from 
node i to node j after t+1 cycle. ρρ denotes a pheromone 
volatile factor and takes the value 0.9. Δτij represents the 
newly added pheromone content; in this study, it repre-
sents the pheromone content left by the optimal genera-
tion of ants on the path from node i to j. Q represents 
the pheromone intensity constant and the value is 200. Lk 
denotes the total path length taken by the ant.

2.3  Path Post‑Processing Based on the B‑Spline Theory
The B-spline curve is widely used in engineering. Its for-
mula is as follows:

where Bi,k(μ)Pi represents the basis function of the 
B-spline curve of degree P.

The B-spline curve is obtained by given n+1 control 
points. The B-spline curve in this study was a quadratic 
B-spline curve generated by seven control points.

In this study, seven control points were sequentially 
selected to create B-spline curves using coordinates 
(7.5, 18.5), (4, 16), (2.5, 13.5), (2.5, 7), (4, 4.5), (9.5, 2.5), 

(4)P(µ) =

n
∑

i=0

Bi,k(µ)Pi,

(5)C(µ) =

6
∑

i=0

Bi,2(µ)Pi.

and (19.5,  1.5). The image obtained by applying the 
B-spline curve is shown in Figure 6.

The smoothness of the flow channel generated by 
the B-spline curve is shown in Figure  6. A comparison 
between the optimized and conventional hydraulic flow 
channel models reveals that the optimized hydraulic flow 
channel model exhibits enhanced oil flow characteristics, 
resulting in a reduction in the oil pressure loss along the 
flow channel.

3  Simulation Results
The fitting curve obtained was stored as a set of coordi-
nate points and subsequently imported into SolidWorks 
for scanning modeling. Figure  7 (b) illustrates this pro-
cess. This study aims to compare the initial flow channel 
of the EHA with the algorithm-generated flow channel. 
To ensure consistent positioning of the outlet and inlet, 
the algorithm flow channel was extended and a smooth 
transition was implemented between them. A 3D model 
of the flow channel with an equivalent diameter of 14 
mm created in SolidWorks is shown in Figure 7.

The 3D model of the hydraulic channel established in 
the SolidWorks software was imported into ANSYS soft-
ware for simulation processing. The medium material 
was water with a density of 1000 kg/m3 and a viscosity of 
1.005×10−3 kg/(m·s). The flow channel inlet is defined as 
the velocity inlet and the outlet is the zero pressure out-
let. The Reynolds number calculation formula is given in 
Eq. (6).

where V denotes the velocity of fluid flow, d denotes the 
equivalent diameter of the flow channel, μ denotes the 
dynamic viscosity of the fluid, and ρ denotes the density 
of the fluid.

Calculations indicated that the Reynolds numbers 
corresponding to three distinct operating conditions, 

(6)Re =
ρVd

µ
,

Figure 6 Optimized flow channel by the B-spline theory

(a) Initial channel (b) Algorithmic channel

Figure 7 Simulation flow channel
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namely, 3 (m/s), 3.5 (m/s), and 4 (m/s), all surpassed the 
threshold of 4000, indicating the presence of turbulence. 
To analyze the flow field within the flow channel, a transi-
tion k–kl–ω turbulence model was employed. This model, 
regarded as a three-equation eddy viscosity model, 
encompasses equations for turbulent kinetic energy 
transport, laminar kinetic energy of flow, and the recip-
rocal of the turbulent time scale. The specific formulation 
is given by Eq. (7).

where DT is the anisotropic (near-wall) dissipation term 
for KT, DL is the anisotropic (near-wall) dissipation term 
for KL, KL represents the laminar kinetic energy, KT rep-
resents the turbulent kinetic energy, PKL represents the 
production of laminar kinetic energy by mean strain rate, 
PKT represents the production of turbulent kinetic energy 
by mean strain rate, RBP represents the bypass transition 
production term, RNAT represents the natural transition 
production term, αT represents the effective diffusivity 
for turbulence dependent variables, fW represents the 
inviscid near-wall damping function, ρ represents the 
density, υ represents the kinematic viscosity, and ω is the 
inverse turbulent time scale.

Figure 8 depicts the velocity cloud and streamline dia-
grams, providing valuable insights into the flow behav-
ior. An analysis of the diagrams revealed that the initial 
flow passage exhibited a wider and more intricate range 
of velocity variations. Specifically, as evidently shown 

(7)

dKT

dt
= PKT + RBP + RNAT − ωKT − DT +

∂

∂xj

[(

υ +

αT

αK

)

∂KT

∂xj

]

,

dKL

dt
= PKL − RBP − RNAT − DL +

∂

∂xj

[

υ
∂KL

∂xj

]

,

dω
dt

= Cω1
ω
KT

PKT +

(

CωR
fW

− 1
)

ω
KT

(RBP + RNAT )− Cω2ω
2

+Cω3fωαT f
2
W

√

KT

d3
+

∂
∂xj

[(

υ +
αT
αω

)

∂Kω

∂xj

]

,

in Figure  8 (a), the velocities near the inner and outer 
sides of the right angle were low or even zero, whereas 
the velocity sharply increased at the corner. Conversely, 
as shown in Figure  8 (b), the maximum velocity was 
observed on the inner side of the inlet. Furthermore, 
along the flow direction, the maximum velocity gradually 
shifted from the inner side to the outer side in the axial 
phase. Overall, the velocity profile maintained a smooth 
and uniform distribution with no significant variations of 
note.

Significant velocity fluctuations were observed at the 
right-angle transition of the initial flow channel, resulting 
in the generation of eddy currents. The passage of water 
flow through the right-angle bend induced substantial 
alterations in both the magnitude and direction of the 
flow velocity. These abrupt changes disruptively affected 
the water flow particles, leading to system vibrations and 
disturbances during the normal operation of the hydrau-
lic system. In contrast, the optimized flow channel exhib-
ited smoother characteristics.

Figures 9 and 10 present the velocity cloud and stream-
line diagrams, respectively, depicting various cross sec-
tions of the flow channels under the specified working 
condition. As shown in Figure  9 (a), upon water entry 
into the flow channel, the maximum axial velocity was 
observed on the inner side of the pipe wall, with the over-
all velocity exhibiting a relatively uniform distribution. 
This flow field was characterized by a potential flow state, 
primarily driven by inertia, as it progressed with the fluid. 
As shown in Figure 9 (b), the particles and Vmax gradually 
transitioned from the inner wall to the outer wall along 
the axis. At the inner wall of the elbow, eddy currents 
were formed owing to simultaneous backflow in the main 
and secondary flow directions. Figure 9 (c) and (d) illus-
trate the progressive enhancement of the secondary flow 

(a) Initial channel

(b) Algorithmic channel

V1 = 3 (m/s) V2 = 3.5 (m/s) V3 = 4 (m/s)

Figure 8 Velocity cloud and streamline diagrams
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phenomenon, accompanied by the expansion and out-
ward shift of Vmax. As shown in Figure 9 (e) and (f ), the 
secondary flows gradually weakened until they eventually 
dissipated, leading to a velocity distribution that tended 
to stabilize.

Figure  10 provides valuable insights into the flow 
behavior of the fluid within the flow channel under 
examination. As shown in Figure  10 (a), once the fluid 
entered the flow channel, the overall flow velocity exhib-
ited relative uniformity, with the particles moving toward 
the center. Figure 10 (b) shows the right-angle segment; 
Vmax was observed outside the flow channel, whereas the 
inner velocity remained exceedingly low or even zero. 
Consequently, the flow characteristics in this region 
became complex. As shown in Figure 10 (c), the overall 
flow velocity maintained a relative uniformity, accompa-
nied by a tendency toward secondary flow formation. As 
shown in Figure 10 (d) and (e), the significant curvature 
of the flow channel induced notable centrifugal forces, 
resulting in the fluid striking outward and the vortex 
transferring from the inside to the outside. Finally, Fig-
ure 10 (f ) shows the reemergence of the secondary flow.

As the fluid flowed within the bend, it experienced a 
decrease in velocity on both sides of the pipe wall com-
pared with the velocity at the center of the pipeline. This 
velocity reduction was attributed to the viscous effect 

exerted by the pipe wall on the fluid. Consequently, the 
fluid on either side of the wall was subjected to a lower 
inertial force than the fluid at the center. Thus, the fluid 
was compelled to flow from the inside to the outside, 
resulting in an increase in the pressure on the outer side 
and the formation of a pressure difference between the 
interior and exterior regions. This pressure disparity led 
to the creation of a pair of eddies and the development of 
a secondary flow.

In the case of identical flow channels, an increase in 
the inlet velocity led to a significant increase in the pres-
sure at both the inlet and outlet. However, the increase 
in the pressure at the inlet surpassed that at the outlet, 
resulting in an amplified pressure loss. Figure 11 (a) illus-
trates a substantial pressure loss and the occurrence of 
negative pressure at the right angle. This configuration 
induced considerable alterations in the fluid velocity and 
direction, accompanied by intense friction and momen-
tum exchange between the fluid particles that signifi-
cantly impeded the fluid flow. Conversely, Figure  11 (b) 
shows a smoother arc transition with a minimal pressure 
variation. The optimized flow channel, designed using 
the algorithm, concentrated the high-pressure area on 
the outer side of the flow channel. The larger curvature 
of this optimized flow channel enabled a more seamless 
transition of the fluid, resulting in a uniform pressure 

(a) (b) (c)

(d) (e) (f)

Figure 9 Velocity cloud and streamline diagrams of different cross sections of the algorithm flow channel when V = 3 (m/s)

(a) (b) (c)

(d) (e) (f)

Figure 10 Velocity cloud and streamline diagrams of different cross sections of the initial flow channel when V = 3 (m/s)
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distribution and reduced pressure loss. Therefore, a 
smoother transition method should be adopted in the 
design and right-angle channels should be avoided.

Figure 12 shows the pressure loss as a quantifiable indi-
cator for analyzing the flow characteristics of different 
flow channels under various working conditions. These 
findings indicated that the right-angle transition chan-
nel consistently exhibited the highest pressure loss. The 
pressure losses of various flow channels increased with 
increasing velocity, and the pressure loss of the right-
angle flow channel was larger. Compared with the initial 
flow channel, the optimized flow channel demonstrated 
a reduction of 46.24% in the percentage of pressure drop 
loss when the inlet velocity was set to 3 (m/s). However, 
as the inlet velocity increased, the aforementioned per-
centage gradually decreased.

Pressure loss in a flow system can be attributed to two 
primary factors: Local resistance loss and resistance 

loss along the path. In this study, local resistance loss 
was predominantly observed when the fluid underwent 
a right-angle turn, leading to significant changes in the 
fluid direction and magnitude. The computer-optimized 
flow channel effectively addressed this issue by optimiz-
ing the right-angle bend, thereby reducing pressure loss. 
The resistance loss along the path was influenced by the 
length of the flow channel considered in this study. The 
algorithm-based flow channel demonstrated a smaller 
volume, resulting in a 10.03% reduction in the flow chan-
nel volume, as depicted in Figure  13. Moreover, when 
the outflow pressure in the boundary layer experienced a 
rapid increase along the flow direction, the pressure dif-
ferential force and viscous resistance exerted by the wall 
opposite the flow direction diminished the momentum 
of the fluid within the boundary layer, resulting in the 
formation of vortices and substantial energy dissipation 
[30].

(a) Initial channel

(b) Algorithmic channel

V1 = 3 (m/s) V2 = 3.5 (m/s) V3 = 4 (m/s)

Figure 11 Pressure cloud diagram under different working conditions

Figure 12 Pressure loss results of different flow channels Figure 13 Volume of different flow channels
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4  Experimental Result
Support removal, printing time reduction, and material 
conservation were achieved by adopting a square shape 
for the outer wall of the pipeline, while maintaining a 
smooth cylindrical shape for the inner wall. The material 
of the experimental model was a transparent resin that 
had excellent light transmission, high transparency, mini-
mal surface roughness, and high precision. The printed 
model is illustrated in Figure 14.

The design principle of the experiment and the estab-
lishment of the experimental platform are shown in Fig-
ure  15. The inlet flow of the pump was regulated and 

monitored using a frequency converter and flowmeter. 
The pressures at both ends of the pipeline were measured 
using pressure sensors, and the outlet was configured for 
free flow. The maximum flow rate of the pump was set to 
5  m3/h.

The recorded data of the inlet and outlet pressures 
under various operating conditions are presented in Fig-
ure 16. The results indicated a close agreement between 
the measured data and the simulated results for each 
group. Although slight fluctuations were observed in 
the inlet and outlet pressures within each experimen-
tal group, the overall pressure loss remained relatively 
constant. The pressure losses in different flow channels 
exhibited an increasing trend with increasing inlet veloc-
ity, peaking at 4 (m/s). The pressure losses of the flow 
channel were reduced by 36.36%, 34.09%, and 35.71% 
compared with those of the original flow channel under 
3 (m/s), 3.5 (m/s), and 4 (m/s) conditions, respectively. 
The experimental and simulation results showed pres-
sure loss reduction percentages of less than 10% for 
both flow channels under each set of operating condi-
tions, confirming the feasibility of the flow channel of the 
algorithm.

5  Conclusions

(1) By constructing the internal structure of a valve 
block in a computer environment, the ant colony 
algorithm and B-spline theory were combined to 
achieve a smooth and interference-free channel 
design.

(2) The initial channel tended to exhibit vortex and 
backflow phenomena in the right-angled regions, 
accompanied by the presence of high- and low-
speed zones. As the inlet flow velocity increased, 
the velocity differences became more pronounced. 
By contrast, the algorithm-based channel presented 
regular and smooth streamlines, significantly 
improving the flow characteristics.

(3) The pressure loss increased with an increase in the 
inlet flow velocity; however, the algorithm-based 

(a) Initial pipeline (b) Algorithm pipeline
Figure 14 Test model of the pipeline

(a) Experimental principle:

1. Pump; 2. Flowmeter; 3. 

Pressure sensors; 4. Pipeline 

to be tested; 5. Water 

channel

(b) Experimental test system

Figure 15 Principle and test system of the experiment

Figure 16 Experimental data of pressure loss
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channel demonstrated a lower pressure loss and 
smaller channel volume. This compact arrangement 
significantly enhanced the power-to-weight ratio of 
the EHA.
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