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ABSTRACT

Additive manufacturing (AM) and in particular laser powder bed fusion (LPBF) are increasingly
being used as manufacturing technology in hydraulics for flow optimization, function integration and
weight reduction. These advantages can especially be exploited in hydraulic manifolds. Conventional
manifold intersections are created by crossing two vertical bores. The turbulence resulting from the
sharp edges and the deflection leads to undesired flow losses. These can be avoided with the design
freedom of LPBF, which allows flow optimization in hydraulic channels. However, the development
of new channel geometries is limited by design guidelines. Starting from a straight, round channel
geometry, this paper presents the steps to design self-supporting channel geometries for horizontal
build up. Therefore, different cross-sectional shapes are tested, and critical design details are
explained. In addition, this paper examines the influence of post-processing methods on AM
components. A comparison of the different geometries is shown with a CFD simulation as well as
FEM simulation for strength investigation. For experimental investigation and simulation validation,
selected test specimens were printed and post-processed. With a new designed test rig, the pressure
losses of the different geometries and post-processing methods were measured and a comparison with
the simulative results is shown. Overall, this paper provides an overview of the necessary steps in the
design of hydraulic AM components for flow optimization.
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1. INTRODUCTION

Components for hydraulic applications are mostly manufactured using conventional manufacturing
processes, such as drilling and milling. Accordingly, manifold intersections are usually arranged at
90° to each other and dead volumes occur. Optimized positioning of the channels is possible, but the
channel course can only be changed to a limited extent due to the tool geometry and is therefore
mostly straight. [1-3]

The use of additive manufacturing (AM) for hydraulic components opens up many new advantages.
First of all, structurally optimized components can be designed. This leads to an increase in efficiency
due to the weight reduction in moving applications and enables a general material saving. Material
resources and component weight can thus be saved. In addition, components can be designed with
optimized flow. Flow-optimized channels can reduce pressure losses in the lines and thus save energy.
An additional advantage is the functional integration that can be achieved through AM. This means
that additional components can be saved, or the design can be adapted to desired functions. Due to
these advantages, AM is of increasing importance in the production of hydraulic components, in
particular in the production of manifolds [4-8]. Especially the targeted optimization of manifolds in
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terms of flow and weight, while maintaining strength, is the subject of numerous research projects [9—
13]. The aim of the latest studies is to automate the design process. After entering boundary
conditions, entire manifolds can be automatically optimized and designed for AM [14]. For this new
way of developing components, new design guidelines will be made available to serve as a template
for the design of AM components. [15] Some of these guidelines are even specifically adapted to
manifolds. [16] However, neither these guidelines nor the “Design for additive Manufacturing”
(DfAM) [17] provide concrete rules for individual case decisions [18]. For example, if a circular
cross-sectional area is not horizontally printable, various self-supporting channel geometries are
available. In many publications, however, the decision process for a specific shape is not
comprehensible or can only be applied to a few applications. This paper therefore aims to provide
basic design recommendations for the design of hydraulic channels. As an example, the material 316L
(1.4404) is treated in this study. Therefore, statements on material properties refer specifically to this
material, but are often transferable to other materials.

1.1. Additive Manufacturing and post-processing

The manufacturing process studied in this paper is Laser Powder Bed Fusion (LPBF). The Fraunhofer
Institute for Laser Technology [19] in Aachen played a key role in developing this process, which
was patented back in 1996 [20]. LPBF is based on the layer-by-layer melting and subsequent
solidification of components from metal powder. Components can thus be generated directly from a
digital model. In this way, components with complicated geometries can be manufactured that cannot
be realized using conventional methods [21].

Conventional manufacturing processes usually result in uniform microstructures, whereas additive
manufacturing (AM) parts typically exhibit noticeable porosity and increased surface roughness [22].
However, the results depend largely on the specific printing parameters. Key factors such as printing
direction, laser parameters, porosity, defects, surface finish, and subsequent heat treatment affect the
mechanical properties of the material.

Likewise, the post-processing influences on material parameters. For example, the thermal post-
processing method hot isostatic pressing (HIP), leads to increased density by eliminating porosity
[23]. However, the thermally post-treated components only achieve lower yield strength compared to
the as-printed samples. In contrast, a significant increase is observed in the maximum elongation and
in ductility [24]. High temperatures can relieve residual stresses in the component and eliminate the
direction-dependent properties from applying the material layer by layer. The microstructure is
homogenized by the high temperature so that there are no longer melt pool boundaries [25]. Abrasive
Flow Machining (AFM), a process for precise surface enhancement, can be used as a post-processing
step after LPBF to improve surface quality. In the AFM process, viscoelastic polymers loaded with
abrasive particles are passed through voids or channels to mitigate the inherently rough surface finish
of untreated components [26]. For hydraulic applications, the target roughness values are typically
around 0,4 pum [27]. In fluid dynamics, increased surface roughness results in pressure losses and
therefore increased energy losses, reducing overall system efficiency [28]. When AFM is combined
with HIP, further enhancements can be expected [29]. Rosler's comprehensive study [30] compared
AFM with alternative methods, including vibratory finishing, sandblasting, chemically assisted
vibratory finishing, and wet blasting. The investigation revealed that chemically assisted vibratory
finishing (AFM) effectively reduced the R, value from 10 pm to 0,7 pum, offering a cost- and time-
efficient approach. In addition, AFM can improve the mechanical properties and lifetime of channels
manufactured by the LPBF process. Increased internal surface roughness leads to the development of
cracks, which negatively affects fatigue strength [31].



1.2. Comparison concept for channel geometries

A radius of a pipe or channel is often used to calculate flow parameters in a hydraulic system. This
radius is known if a channel is circular but can also be calculated if the channel-shape differs from
this. In this case, the hydraulic diameter can be described according to (1). It is calculated by
multiplying the surface of the channel by 4 and dividing it by the circumference. This formula can be
applied in turbulent flows (Re>2300) but is practically used in laminar flows as well, to analytically
calculate and describe non-circular channels, although the invalidity of the formula in this state of
flow. This formula offers a possible calculation to describe non-circular channels, which are mainly
being investigated in this paper.
4A
Dhyd = 7 (l)

Because of the invalidity of this formula in laminar flows, two other concepts for comparing different
geometries are introduced in Figure 1. One approach for comparability is to keep the cross-sectional
area constant. With constant volume flow, this would lead to constant average velocities. However,
considering the transition to the round fitting geometry, it is difficult to keep the cross-sectional area
constant over the entire length of the structure. The last option, which will be further pursued in this
work, is a constant inner circle of the geometries. This method leads to as little influence on the run-
in flow profile as possible.

Hydraulic diameter = const. Surface area = const. Inner diameter = const.
Figure 1: Different comparison criteria for the non-circular geometries

1.3. Channel Geometries for AM

Circular channels exceeding an inner diameter of 8 mm cannot be produced by LPBF without using
inner supporting structures [32]. To solve this problem, the shape of the channel is being changed
because greater diameter is often being used in hydraulic applications to reduce average flow speeds.
Schmelzle et al. applied a diamond-shaped channel-section and were able to reduce weight by 60%.
They compared a droplet shape to a diamond shaped channel and found that symmetrical channel
geometries are the most material efficient compared to unsymmetrical shapes (like a drop) [10].
Alshare et al. reduced pressure losses by 21% and weight by 84% [11]. DIN EN ISO/ASTM 52911-
1 suggests a droplet shape as an alternative to circular but does not standardize this shape for hydraulic
applications [32]. In this proposal, a 90° rectangular roof is positioned on three fourths of a circle,
where the overhang angle exceeds 45°, as can be seen in Figure 2.
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Schmelzle etal. [10] DIN EN ISO/ASTM 52911-1 [32]
Figure 2: Limitations and suggestions for channel design

1.4. Topology of additively manufactured components

In addition to the advantages regarding flow optimization, the AM offers great potential regarding
weight savings, especially in the application of hydraulic circuits. After designing the inner contour,
the outer contour must be determined for the specimens. In the simplest case, a geometry with
estimated constant wall thickness is evaluation by FEM to meet load requirements. However, the aim
is also to optimize the wall thickness depending on the load. For the manufacturing process as such,
the wall thickness required by the design is particularly relevant for the duct geometries. In contrast
to the case of a round pipe, the modified duct geometries have an inhomogeneous stress distribution
at constant pressure load. The stress distribution is the starting point for the design measures to avoid
failure. In the process of topology optimization, the reduction approach is followed. The initial
geometry of the component is therefore over dimensioned. The stress distribution is determined in
the FEM with the meshed model. Iteratively, model elements with uncritical stress values are
eliminated. This results in successively reduced nominal geometry [33]. For the special application
case regarding additively manufactured components, the anisotropy of the material is also of great
importance. The direction of manufacturing affects the subsequent expansion behavior of the channel
geometries [34]. However, due to the rectified component alignment in the manufacturing process,
this aspect is not initially considered here and compensated for by the safety factor.

2. METHODS

To compare different cross-sectional areas, four different shapes are selected and first optimized
simulatively in terms of flow and strength. Three test specimens were manufactured from each
geometry using LPBF with 316L. Thus, a total of twelve test specimens were printed, of which four
remained untreated, four were post-treated by the HIP method, and four were post-treated by the
AFM method. In subsequent bench tests, the pressure difference generated by the test specimens was
measured and compared with the simulated results.

2.1. Design Process

In this work, three alternatives to a circular shape were investigated. A triangular and a quadratic
shape are investigated because of their symmetrical shape, which are the most material efficient due
to a homogeneous distribution of stress [10]. A symmetrical pentagonal or hexagonal shape cannot
be printed in a horizontal build orientation because of the overhang angle at the top exceeding the
maximal printable angle of 45° [35, 36]. As a third concept, a droplet shape, is compared to a circular
shape because the DIN EN ISO/ASTM 52911-1 suggests this form as an alternative to a circular
channel geometry [32]. The sharp edges occurring in the alternative shapes are rounded off, to prevent
tension maxima.



A round cross-section with a diameter of 8 mm is chosen as the object of comparison. A diameter of
8 mm is the largest possible round cross-section for additive manufacturing in the horizontal
mounting direction. The constant inner diameter enables a connection between the investigated and
the circular shape without cross-section narrowing for the run-in flow profile, which also enables
easier machining. The second concept is based on a constant hydraulic diameter of 8 mm, which is
calculated out of the inner surface and circumference. The inner diameter decreases compared to
concept one, by equalizing a hydraulic diameter of 7,67 mm. This concept is most logical from a
theoretical perspective because this formula is most used to calculate divergent shapes of circular. In
the third and last concept, the average speed of flow is constant, by equalizing the inner surface to a
circular channel. Hereby, the inner diameter further reduces in size compared to concept one and two.
To influence the run-in flow as little as possible, the first concept with a constant inner diameter is
chosen as the comparison criterion in this work.

The connection between the investigated channel geometries and the circular connection to the
hydraulic system is being constructed by a straight phase at an angle of 45 degrees perpendicular to
the building platform. The occurring sharp edges are smoothened out with a radius of 1 mm to reduce
stress maxima and improve flow efficiency. These concepts of dimensioning are combined with the
connection and are constructed into test parts, which are being investigated in a test rig, to validate
the simulated results of the CFD- and FEM-simulations. These results should bring insight into an
optimal channel geometry for hydraulic applications, considering mechanical and flow parameters.
The geometry of the transition and the shape of the square specimen are shown in Figure 3.

Connector
Investigated channel shape Connector Connection detail
—— I ——
[ \ 45°
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Figure 3: Transition from round cross-section to self-supporting channel geometry

Four test parts were produced three times repetitively to post-process differently (no post-processing,
HIP, AFM). The four test parts consisted of the same connector at both ends and the connection
between the circular and investigated channel geometry. In the middle of the test part, a circular,
triangular, rectangular, and droplet-shaped channel geometry was constructed into the final test parts.
CFD- and FEM-results were taken into review to select an optimal concept for dimensioning the inner
diameter of the middle section.

2.2. CFD-Simulation

Computational Fluid Dynamics simulations (CFD) were applied to bring insight into the flow
characteristics of the test parts. The pressure loss and streamlines were mainly investigated and
optimized. In this work, Ansys Fluent software was used to bring these insights. The mesh was
constructed with an element size of 0,48 mm, an inflation layer of 0,4 mm and a growth rate of 1,2
divided into 16 layers. These parameters are based on experiences and on Zardin et al. [2]. They found
that a ratio of element size to diameter should not exceed 0,06 to ensure realistic results. An ISO VG
46 mineral oil was used in the test setup and modelled in the simulations, which is often used in
hydraulic applications. To simulate the oil flowing through the test part, an inlet, an outlet, and a wall
are defined. A fully developed flow is specified at the inlet with a velocity inlet. The simulated



corresponds with the analytical profile. At the outlet, a pressure outlet is specified at a static pressure
of 150 bar, which corresponds to the operating point. A turbulent intensity of 6.78% was specified at
the in- and outlet, as can be calculated out of formula (2). A no-slip condition and an average
roughness height of 15 - 107 m were specified to model the rough surface of the as-built test parts.
The numerical coupled scheme with a Green-Gauss cell-based gradient and a second order
discretization were used to ensure realistic results, with a residuum of 107 that acted as the criterion
of convergence. The SST-k-omega model combined with the Low Reynolds Number Correction was
used, after comparing the values of pressure losses of different models (like k-epsilon and laminar)
to the analytical pressure loss of a pipe. These settings were used to simulate all concepts and gain
insight into the flow characteristics of the test parts [37].

[ =0,16- Re~1/8 (2

The influence of the post-processing methods is not considered in the simulation, but the wall
roughness is only adapted to literature values for the surfaces of additively manufactured components.
Since the flow condition in the components is laminar at the operating point of 150 bar and 16,5 I/min
(operating point for the comparison), the roughness theoretically does not have a large influence on
the pressure drop. The consideration of the generated surface values will be part of further research.

2.3. FEM-Simulation

A Finite Element Method simulation (FEM) is used to determine the wall thicknesses of the channel
geometries. In this publication, the outer diameter and corner radius were varied in 80 combinations.
An optimization, for findings the lightest combination, that also exceeds the safety margins was
conducted. The safety factor of 1,7 is based on DIN 2413 [38], which is applied to calculate wall
thicknesses of pipes in hydraulic applications. The results of the design study have been validated in
Ansys Mechanical, which confirmed the choice of varying the outer diameter and corner radius.
Figure 4 shows that maximum tensions according to Von Mises occur in these spots. The wall
thickness increases from the droplet to the squared and triangle shaped sections. This, of course,
increases the weight and outer circumference of the channel sections and increases building time and
costs, which represents a disadvantage.
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Figure 4: Stress within the components

Based on the results of the FEM, a topology optimization is carried out. Since the FEM already
provides a resilient geometry with constant wall thickness from manually run through steps, this is
taken as the starting point. An estimation on a round channel using Barlow's formula gives an
alternative reference value to reasonably choose the initial value of the wall thickness. Especially
when new geometries are to be developed that have not yet passed through any elaborate FEM loops.
This ensures that the solution converges reliably. Due to the inhomogeneous stress distribution in the
drop-shaped channel geometry, the geometry is divided into several sections, for each of them the
meshing is done independently. Especially in the area of the tip of the drop geometry, a considerable
mesh refinement is carried out. A study carried out here shows that an element size of 20% of the



initial wall thickness should not be exceeded and at the same time, the limit of the absolute size of
maximum 0,1 mm edge length of the elements should be kept. Preferably, a homogeneous hexahedral
meshing within the individual sectors is used. This leads to valid results and reflects the discretization
of the wall thickness in a comprehensible way. The target value is the inner contour of the pipe
geometry. Therefore, it is fixed as a conservation variable in the bearing. Consequently, the front side
is also fixed as a fixed bearing. The original wall thickness is preserved and leads to a load-bearing
structure.

2.4. Post-processing parameters

After fabrication, the specimens were sawed off the build plate and all external support structures
were removed. Four of the test specimens were left as-built and only machined on the functional
surfaces so that they could be bolted to the test rig.

One third of the specimens were reworked using the HIP process. In this process, the specimens were
subjected to a temperature of 1150°C and a pressure of 1000 bar for 4 hours. During the process, the
specimens are surrounded by argon. The final operating point was ramped and cooling and pressure
reduction occurred slowly over a period of 4 hours.

Another third of the specimens, each with one of the different geometries, was subjected to grinding
post-treatment. The AFM method was used for this purpose. The grain material of the medium used
was aluminum zirconia with a grain size of mesh 24/36. The viscosity was classified to 2227,72 Pa:s,
measured at 1 rad/s. Flow grinding was performed for 24 minutes at 65 bar.

2.5. TestRig

On the test rig used for the experimental investigation, the test specimens can be screwed in between
two adapters. Figure 5 shows the hydraulic circuit diagram of the test rig. The pressure is adjusted to
150 bar via the proportional valve (1). The cooler (2) is temperature controlled and regulates the
operating temperature to 40°C. The flow rate is set to 16,5 I/min via the pump (3). A differential
pressure sensor (4) measures the pressure drop across the specimen. After reaching steady state, for
all specimens the pressure loss is recorded.

Figure 5: Hydraulic circuit diagram of the test bench

3. RESULTS

With the help of the CFD and FEM results, the final shapes of the components have been designed.
The results of the simulations were particularly decisive for the selection of the shape, the course of
the cross-section transition and the choice of wall thickness. The strength of the components was
confirmed on a test rig by a static compression test at 165 bar (10% above the operating pressure).
All components exhibited the necessary strength.



3.1. CFD-Results

The simulated pressure losses of the different geometries are listed in the second column of Table 1.
In addition, Figure 6 shows the flow lines within the channels for the triangle, square, and drop.

Table 1: Simulation results of the specimens

Cross-sectional area 4

Form Pressure loss Ap [bar] [mm?] Wall thickness t [mm]
Circle 0,17741 50,625 0,3

Square 0,15076 63,142 15

Triangle 0,14643 81,084 2,75

Drop 0,16920 53,479 1,25

The flares at the inlet and outlet of the components are caused by the thread runout of the fittings.
Since only the inside is shown, the 8 mm inner diameter of the screw-in fitting can be seen at the
inlet. However, since the hydraulic fitting is not flush with the end of the bore, the cross-sectional
expansion occurs. Dead volumes are created at these points. Additional dead volumes occur at the
transition from the round 8 mm cross-section to the self-supporting channel contour. Due to the larger
cross-sectional area, this effect is particularly strong in the triangle.

Inlet Triangle _— Outlet

Figure 6: Simulation of the flow lines in the non-circular cross-sectional shapes

3.2. FEM-Results

With the aid of FEM simulation, a suitable wall thickness was developed for each geometry, at which
the maximum stress in the component is not exceeded, considering the safety factor. These wall
thicknesses, also listed in Table 1, differ for the various shapes. The highest wall thickness is required
for the triangle since significant stress peaks form at the corners. The most suitable shape in terms of
stress is the circle, which requires a wall thickness of only 0,3 mm. However, such thin walls cannot
be printed with the selected manufacturing process, which is why the wall thickness was increased to
2 mm for this component. This corresponds to the wall thickness of a standard 12S tube. In order to
make a prediction about possible weight savings, a topology optimization was carried out in this
work. The resulting geometries will also be used for future static compression tests. The right side in
Figure 7 shows an example of the reduced geometry of a drop shape because of topology optimization
without a safety factor. The stress state in the detail of the tip is shown opposite. From this, the
material accumulation in this geometry section is derived.



Figure 7: Topology optimization upon of drop shape

Due to the inhomogeneous wall thickness over the circumference, only a rudimentary estimation is
possible at first. As expected, there is an accumulation of material at the tip of the drop. In order to
be able to give a holistic assessment, a comparative value to the original geometry is used. The cross-
sectional area of the resulting wall is determined and compared with the result determined in the same
way for a channel with a round cross-section. This results in a new average wall thickness. Compared
to the round duct, this results in a weight reduction of 16%.

3.3. Experimental results

The results of the experimental (filled markers) and simulative (unfilled markers) investigation are
shown in Figure 8. For each component geometry, the pressure drop is plotted for the untreated, the
thermally post treated and the AFM-treated component. Differences between the various geometries
can be seen. The post-treatment processes also lead to a change (mostly a reduction) in the pressure
difference for all components except the triangle.

Experimental Results
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Figure 8: Measured pressure loss of different geometries and post-processing methods

The designed components could all be built horizontally without support structures in the channels
and no leakage occurred in the hydraulic application. A static pressure test proofed, that the specimens
can withstand a pressure of 150 bar and even 165 bar did not cause any leakage. In the round shape,
a clearly discernible difference in quality occurred on the downward-facing surface. Here, there was
a collapse of the shape and a significantly increased roughness. This confirms that the use of the round
cross-section is not recommended for diameters above 8 mm.

The HIP process only has an influence on the pressure difference for the round and square shapes.
The AFM method shows more effect on pressure loss reduction. Except for triangle shapes, the
pressure difference generated by the component decreases for all shapes compared to the unprocessed
parts. A connection to the flow lines in Figure 6 can be recognized. In the case of the triangle, a
particularly large dead volume occurs and, due to the larger cross-sectional area, the velocity inside
the component decreases under constant volume flow. Accordingly, the grind effect of the abrasive



medium is lower here. In the round shape, the flow is fastest and without dead volume, so that the
greatest effect can be achieved. It should be noted that the AFM process was applied before the
machining post-processing, so that the entry channel into the component was still at 8 mm and there
was no widening as in Figure 6 at the transition to the round fitting-geometry. In the case of the non-
circular geometries, this resulted in the highest material removal occurring precisely in this area,
which was later partially widened.

4. DISCUSSION

The experimental results confirm the simulation because the rank order of the geometries was
predicted correctly. Comparing the different geometries, a round geometry causes the highest
pressure loss. However, this must be evaluated considering the comparison criterion of constant inner
diameter. Consequently, the cross-sectional area also has to be taken into account. The constant inner
diameter leads to a higher cross-sectional area for non-circular shapes. The pressure loss corresponds
with the cross-sectional area. However, the relationship is not proportional. Accordingly, a constant
cross-sectional area would not have led to constant pressure differences. The constant inner circle as
a comparison criterion is more suitable for obtaining a run-in flow profile and is therefore appropriate
for comparison here. In terms of post-processing, the trends are the same for almost all components.
Since the HIP process is not usually used for external post-processing, but to change the material
properties, there is no significant change in the pressure loss in the samples. However, since very high
temperatures occur during the process, it is possible that individual splashes or powder residues are
melted and change their surface properties.

5. CONCLUSION AND OUTLOOK

In this paper, the fundamentals for the use of LPBF in hydraulic applications were determined.
Starting with an iterative CFD simulation, a transition from the connection geometry to a self-
supporting shape was designed. FEM was then used to determine a suitable wall thickness for the
various geometries. In bench tests, all components have proven their strength and leak proofness. In
addition, the measured values showed that the CFD simulation was correctly designed, and the
predicted sequence of shapes was correct. Thus, the test rig and simulation settings can be used for
further studies on additively manufactured components. Whether the constant inner diameter is the
correct comparison criterion depends on the application. If the flow is to be kept as constant as
possible without turbulence, then it is a suitable criterion. If the installation space is limited, a constant
cross-section would be more suitable. Another approach would be to use a constant amount of
material, but this would result in much smaller cross-sections for the non-circular shapes, since these
require greater wall thicknesses. The HIP and AFM methods have demonstrated their effectiveness
in reducing pressure loss. However, both have only been tested in a single parameter combination
and can be further refined in targeted experiments. In particular, widening of the channel should be
avoided for grinding.

The aim of further research is to investigate more complex channel courses. With the knowledge
gained from the linear test specimens, further investigations of three-dimensional channel courses can
be carried out. In this context, a general methodology should be developed that offers solutions for
various requirements. For non-round shapes, for example, the orientation of the shape in curves will
become relevant. In addition, the roughness of the components should be determined and integrated
into the simulation.
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NOMENCLATURE

A
AFM
AM
CFD

Cross-sectional area [m?]
Abrasive Flow Machining

Additive Manufacturing

Computational Fluid Dynamics

DfAM Design for Additive Manufacturing

Dhyd
FEM
HIP

Hydraulic diameter [m]
Finite element Method
Hot Isostatic Pressing

LPBF Laser Powder Bed Fudion

Ap
U

Pressure difference [bar]
Area perimeter [m]
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