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This study investigates the hydraulic performance of channels integrated with spatially
ordered lattice structures fabricated by Selective Laser Melting (SLM). While lattice
structures are recognized for their superior strength-to-weight ratio, their controlled
application for optimizing fluid flow and heat transfer in thermal management systems
remains underexplored. We focus on the experimental and numerical analysis of pressure
drop and hydraulic resistance in channels with two distinct lattice densities, comparing
them against a smooth channel. A key aspect of our investigation is the analysis of the
discrepancy between experimental data and numerical simulations using the k-g
turbulence model, which we attribute to the significant surface roughness inherent in the
SLM process. Our findings demonstrate that lattice structures, despite increasing
hydraulic resistance, offer a vast surface area for heat exchange, making them promising
for compact heat exchangers under high thermal loads. This work provides quantitative
data and critical insights into the design trade-offs and modeling challenges for SLM-
fabricated lattice heat sinks.
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1. INTRODUCTION [1, 4, 10]. Furthermore, their controlled anisotropy allows for
the design of load-bearing components with integrated cooling
functionality, maximizing material efficiency [1, 11, 12]. The
advent of Selective Laser Melting (SLM) has made the
fabrication of such complex, tailored geometries economically
viable for high-value applications, from aerospace to advanced
electronics [3, 4, 11].

While the mechanical properties of strut-based lattice
structures have been extensively studied [1, 4], their fluid flow
and thermal-hydraulic characteristics remain a critical and less
explored research frontier [13, 14]. Current literature often
relies on numerical simulations that idealize the SLM process,
modeling lattice struts with perfectly smooth surfaces [13, 15].
However, the reality of SLM fabrication involves significant
surface roughness and micro-scale morphological deviations
from the digital model, as shown in Figure 1, which are known
to profoundly impact flow resistance and heat transfer [3, 11].

The escalating thermal loads in modern radio-electronic and
electrical power equipment necessitate the development of
advanced cooling solutions that combine high heat transfer
efficiency with structural integrity [1-3]. Within this context,
porous heats (PHEs) have long been considered promising due
to their ability to significantly increase the effective heat
transfer area within a constrained volume [4, 5]. Traditionally,
PHEs with disordered, chaotic porosity (e.g., metal foams)
have been utilized, capitalizing on their large specific surface
area for high heat exchange intensity. However, their inherent
limitations—including unpredictable flow paths, dead-end
pores, and consequently high hydraulic resistance—often
restrict their application to short segments under extreme
thermal loads [6]. The compromise between thermal
efficiency and pressure reduction constitutes a fundamental

difficulty in thermal management design.

A paradigm shift is offered by spatially ordered lattice
structures, fabricated additively [7-9]. These architectures
provide the coveted high surface-area-to-volume ratio of
porous materials while enabling deliberate control over the
flow path, thereby eliminating dead-end pores and reducing
hydraulic resistance compared to their stochastic counterparts
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This creates a critical gap between predictive models and real-
world performance, hindering the reliable design of lattice-
based heat exchangers [16, 17].

The promising application of spatially lattice-based
radiators in cooling and thermal stability systems has become
a topic that must be researched and explained in various ways
to highlight its importance to a wider range of researchers from
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around the world [18, 19]. Progress was demonstrated by
fabricating TPMS-based Gyroid and Diamond structures with
new density, heterogencous structure, and cell size gradients
from Ti-6Al-4V via SLM, resulting in a unique gradient pore
size variation as in the study [20].

Therefore, this study bridges this gap by presenting a
coupled experimental and numerical investigation of the
hydraulic performance of SLM-fabricated spatial lattice
structures integrated into cooling channels. We focus
specifically on quantifying the pressure drop and hydraulic
resistance for two distinct lattice densities and comparing them
against a baseline smooth channel. A central aim is to critically
evaluate the predictive capability of a standard k-¢ turbulence
model when confronted with the inherent surface roughness of
as-built SLM components. By elucidating the causes of the
discrepancy between simulation and experiment, this work
provides indispensable insights and quantitative data for the
future design and accurate modeling of high-performance,
additively manufactured heat exchange systems.

(© t scale 0.1 mm

Figure 1. Scanning Electron Microscope (SEM) images of
the Selective Laser Melting (SLM)-fabricated spatial lattice
structure (Working Area No. 3) at different magnifications
Note: showing (a) the overall periodic structure at 0.5 mm scale, and (b, c)

the characteristic surface roughness and partially sintered powder particles at
higher magnifications (0.2 mm and 0.1 mm scales, respectively).
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2. MATERIALS AND METHODS
2.1 Method for manufacturing spatial lattice structures

Selective laser sintering is used to create spatial lattice
structures. The mean pore diameter ranged from 1.2 mm with
a standard deviation of 25 um. A 3D printed section was
produced using a laser selective sintering machine (EOSINT
M270) to create finished metal powder products as well as
prototypes. While operating the installation and using a
specialized feeding mechanism, the powder is added to either
the prior layer or to the surface of the working platform. The
layer is smoothed at the same time as the substance is applied.
The used powder was pH 1 with a granulation of 20-40 mkm.
The chemical composition of the powder used is given in
Table 1.

Table 1. Composition of the chemical powder [21]

Element Min. Max.
Cr 14 15.5
Ni 3.5 5.5
Cu 2.5 4.5
Mn - 1
Si - 1
C - 0.07
Mo - 0.5
Nb 0.15 045

Layer thickness shifts based on the establishment specifics
and the fabric utilized, extending from 0.015 mm to 0.15 mm.
Another, the laser specifically wires the ranges of the layer that
are included within the object, whereas combining them with
the past one. Following the consequent sintering, the stage is
diminished in order to coordinate layer thickness. An
additional powder layer is managed, and the cycle is
performed once more. Surface roughness of the working parts
was measured using a model 130 profilometer, specifically
intended for determining profile parameters and roughness.
The typical roughness is Ra 20 mkm. The measurements were
conducted using the center line system, following the
guidelines outlined in GOST 25142-82. The measuring
instrument is classified as a first-class accuracy device. The
inductive sensor of the profilometer has a sensitivity of 0.002
microns, allowing it to accurately measure surface
imperfections with a height of 0.005 microns. Figure 1 shows
the spatial lattice of working area No. 3 magnified at various
magnifications.

These images are original and unmodified, illustrating the
surface morphology that influences hydraulic performance.

2.2 Numerical model and boundary conditions

Numerical modeling represents a highly effective
methodology for analyzing the hydraulic and thermal
performance of lattice structures. Contemporary literature
reflects a significant focus on the empirical investigation of
these structures' characteristics through advanced numerical
simulations, as indicated by the substantial body of research in
the field [13, 17].

This study employed a mathematical modeling approach
utilizing the Ansys Fluent software package, which is based
on the Navier-Stokes equations solution. The equations system
was resolved using the standard model of k-¢ for turbulence
closure. The computational domain was discretized with a



minimum of 0.05 orthogonal quality using a hexagonal mesh
comprising approximately 2.9 million cells.

The developed channel model, incorporating a lattice
radiator, encompassed the computational mesh, defined the
conditions of the boundary, solver parameters, and selected
turbulence models. Conditions of the inlet boundary were
prescribed as a mass flow rate, with static pressure, velocity,
and temperature profiles specified. The inlet pressure value
was derived from empirical field test data.

The pressure loss (Pa) across the lattice structure within the
channel inlet is defined by the following expression:

AP = Pintet — Poutlet (1)

In practical applications, hydraulic resistance is typically
characterized by &, which is calculated using the following
[14]:

_AP-2.d,-1T

WL 2
where, d, = channel hydraulic diameter, [m] = characteristic
dimensions of Nusselt and Reynolds numbers; p = air flow
density [kg/m?] at the entrance of the channel lattice part; I1=
lattice insert porosity obtained from a ratio of (voids
volume/total volume) of the porous body; w = air flow speed
at the entrance of the channel lattice part, [m/s]; L = length of
the lattice structure, [m].

In this study, the mathematical modelling was conducted
using the Ansys Fluent package by solving the Navier—Stokes
Eq. (3). The equations system was closed using k- turbulence
standard model Eq. (4) and Eq. (5). Momentum conservation
equations for an incompressible fluid were defined as:

p(%+v-ij=—Vp+,uV2V+pf (3)

where, p = the density of the liquid, t = time, v = velocity
vector, u = dynamic viscosity, p = pressure, f= external forces

(e.g. gravity).
Kinetic energy equation of turbulence k:

p(@+v-VKj=V[[(,u+ﬁJVKJ+ P.—pe
ot o,

where, u: = turbulent viscosity (depends on k and €), ok =
empirical constant, Pr = production of kinetic energy of
turbulence.

The equation for the rate of energy dissipation &:

2
p[zt_ng v ng = V[[(,u +ﬂ]v5]+ C. 2 P. —ngpg— Q)
o K K

&

“4)

where, o = the empirical constant, Cie and C,.= empirical
constants.

2.3 Experimental work
The experiments were performed in an open-circuit wind

tunnel, equipped with instrumentation for measuring static
pressure, total pressure, and inlet fluid temperature. The
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experimental setup and its schematic are presented in Figures
2 and 3. As shown in Figure 4, the test section was rigidly fixed
inside the outlet pipe using a locking bolt to guarantee
immobility and accurate alignment. Unfiltered ambient air
served as the working fluid, with flow velocities regulated
between 5 m/s and 60 m/s. Hydraulic performance was
evaluated for three different test configurations (see Figures 5-
7 for their geometry and dimensions). Two of these were 50
mm long, square (20 <20 mm) channels filled with PHEs of
differing densities.

Figure 2. External view of the experimental setup used for
hydraulic characterization

Air-

Figure 3. Schematic diagram of the working section layout
Note: 1 — installation location of the lattice element (test section), 2 — inlet
confuser for flow stabilization, 3 — taps for measuring static and total
pressure, air was used as the working fluid

(b) cross-section

Figure 4. Appearance of the working area installed in the test
section: (a) longitudinal view showing the channel; (b) cross-
sectional view

Porosity degree of area No. 1 was I1 = 0.0914, area No. 2,
IT = 0.1096. As follows from Figure 5, the increase in the
degree of porosity of the channel was carried out by increasing
the layers; hence, the size of the pore decreased, but the third
section still had a smooth, hollow channel (50 mm long and 20
%20 mm in cross-section). This work area functioned as a



foundation for testing and comparison with the hydraulic
properties of channels containing lattice structures.

The setup is an open-air flow circuit containing pressure and
temperature measurement systems.

The section was fixed with a locking bolt to ensure
immobility during testing.
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Figure 5. Appearance of working lattice sections
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Figure 6. Scheme of a longitudinal section of working areas
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Figure 7. Geometric parameters of the pores of three
working sections

2.4 Ethics statements
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3. RESULTS AND DISCUSSION
3.1 Analysis of hydraulic performance

The core experimental findings quantifying the hydraulic
performance of the tested channels are presented in Figures 8
and 9. As shown in Figure 8, the dependence of the pressure
drop (AP) on the incoming flow velocity for the smooth
channel and the two channels equipped with lattice structures
of different densities (No. 1, IT=0.0914; No. 2, [T=10.109).

As anticipated, the smooth channel demonstrates a classic,
relatively moderate increase in pressure drop with flow
velocity, governed primarily by wall friction. In stark contrast,
both lattice-filled channels exhibit a significantly steeper, non-
linear growth in AP. This behavior is a direct manifestation of
the complex fluid dynamics introduced by the lattice. The flow
within these structures is characterized by repeated
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acceleration, deceleration, impingement on struts, and vortex

shedding, which collectively transform pressure into turbulent

kinetic energy, resulting in substantially higher dissipative

losses [13, 15].
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Figure 8. Measured pressure drop (AP) versus air velocity
for smooth and lattice-filled channels (Densities No. 1 and

No. 2)
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Figure 9. Hydraulic resistance coefficient (§) vs. Reynolds
number (Re) for smooth and lattice-filled channels. Symbols:
experiments; dashed lines: k-g model simulations

A critical observation from Figure 8 is the performance
stratification between the two lattice densities. While the
pressure drop values for Channels No. 1 and No. 2 are close at
lower velocities (below ~40 m/s), they diverge markedly at
higher flow rates. Channel No. 2, with its higher density of
internal elements and consequently smaller pore size,
consistently generates a greater pressure drop. This is
mechanistically explained by the increased flow constriction
and the larger total wetted surface area in Channel No. 2,
which amplifies viscous drag forces. At a flow velocity of 75
m/s, this difference becomes particularly pronounced, with AP
for Channel No. 2 exceeding 12 kPa, compared to a lower
value for Channel No. 1.

To generalize these findings and enable comparison with
other systems, (&) is plotted against the Reynolds number (Re)
in Figure 9. The data reveals that & decreases with increasing
Re for all configurations, a trend typical for flows in rough and
porous passages transitioning into a fully developed turbulent
regime [14]. The convergence of the & curves for the two
lattice structures at lower Re (Re < 90,000) suggests that the
flow behavior is initially similar, likely dominated by inertial



effects at the macro-structure level. However, for Re > 90,000,
the curves stratify, with Channel No. 2 exhibiting a
systematically higher hydraulic resistance coefficient. This
indicates that at higher flow rates, the increased geometric
complexity and smaller hydraulic diameter of the denser
lattice begin to dominate the flow resistance, leading to less
efficient hydraulic performance compared to the sparser lattice
of Channel No. 1.

The plot shows a significant and non-linear increase in
pressure drop for lattice-filled channels, which escalates with
lattice density at higher velocities.

The graph demonstrates the systematic underestimation of
hydraulic resistance by the numerical model compared to
experimental results.

3.2 Critical evaluation of numerical model against
experimental data

To complement the experimental analysis and gain deeper
insight into the flow fields, a numerical study was conducted
using the Ansys Fluent package with k-¢ turbulence standard
model. The channel computational model with the lattice
radiator was built using a high-quality mesh, exemplified for
the medium-density lattice in Figure 10. The mesh consisted
of an average of 2.9 million hexagonal cells, with careful
attention paid to resolving the complex geometry of the struts,
achieving a minimum of 0.05 orthogonal quality. The solving
process was carried out until the residuals for energy reached
a precision of 10-6, ensuring convergence.

Figure 10. Computational mesh for the medium-density lattice radiator (Channel No. 2)
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Figure 11. Contour plot of total pressure in the longitudinal section of Channel No. 2 (medium-density lattice), from simulation

An example of the resulting flow field is shown in Figure
11, which depicts the distribution of total pressure in a
longitudinal section of the channel with the lattice insert. The
model successfully resolves the complex flow patterns,
including pressure gradients across the lattice and the wake
regions behind the struts.

Qualitatively, the model successfully captures the overall
trend of decreasing & with increasing Re for both lattice
structures, which aligns with findings in similar studies of
complex porous media [17]. This confirms the model's ability
to predict the general scaling of hydraulic losses. However, a
quantitative analysis reveals a significant and systematic
discrepancy: the k-e¢ model consistently underestimates the
hydraulic resistance across the entire range of Reynolds
numbers. The magnitude of this underestimation is substantial,
averaging 42% for Channel No. 1 and 25% for Channel No. 2
in the mid-range of Re.

We attribute this discrepancy primarily to the idealized
representation of the lattice surface in the numerical model.
The computational geometry was based on the nominal CAD
model, which assumes perfectly smooth struts. This stands in
stark contrast to the actual morphology of the SLM-fabricated
lattices, as unequivocally revealed by the SEM micrographs in
Figure 1. The significant surface roughness (Ra = 20 um), the
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presence of partially sintered powder particles adhering to the
struts (Figures 1(b) and (c)), and the micro-scale deviations
from the ideal geometry introduce additional sources of flow
disturbance and viscous drag that are not captured by the k-¢
model with standard wall functions [11, 17]. This model
family is known to be less accurate for flows with strong
separations and reattachments, which are exacerbated by
surface roughness.

The finding that the discrepancy is larger for the sparser
lattice (Channel No. 1) is particularly insightful. In a sparser
structure, the relative contribution of form drag (from the
overall shape of the struts) to the total pressure drop is high,
and the model captures this reasonably well. However, the
relative importance of skin friction drag (directly influenced
by surface roughness) is also significant. In the denser lattice
(Channel No. 2), form drag likely dominates to such an extent
that the additional penalty from surface roughness constitutes
arelatively smaller fraction of the total error, hence the smaller
percentage discrepancy. This hypothesis aligns with the data
showing a reduction in the error margin for Channel No. 2 at
higher Re numbers (from 25% to 15%), where inertial forces
and form drag are even more prevalent.

The mesh consists primarily of hexagonal cells, with local
refinement to capture the geometry of the struts. This is an



original visualization from the present study.
The pressure drop across the lattice structure is visible in the
original visualization shown above.

3.3 Implications for design and modeling

The consistent underestimation of hydraulic resistance by
the standard k-e¢ model has critical implications for lattice-
based heat exchangers' design. Relying solely on such
simulations would lead to overly optimistic predictions of
pumping power requirements, potentially resulting in
underperforming thermal management systems.

Therefore, for accurate predictive modeling, two paths can
be pursued. First, the surface roughness can be explicitly
incorporated into more advanced turbulence models, such as
the Transition SST or Large Eddy Simulation (LES), though
at a greatly increased computational cost [17]. Second, a
practical engineering approach involves calibrating the porous
media models or correlation-based models using experimental
data from representative SLM-fabricated samples, effectively
"baking in" the roughness effect through empirically derived
coefficients.

The results presented here, while focused on hydraulics,
underscore the dual nature of SLM-fabricated lattice
structures. Their immense surface area is a clear asset for heat
transfer intensification [5, 7]. However, this very surface, with
its inherent roughness, is also a primary source of hydraulic
loss. This highlights the fundamental trade-off that designers
must navigate: the gain in thermal performance versus the
penalty in pumping power. Optimizing lattice structures for
thermal-hydraulic efficiency will thus require a multi-
objective approach that explicitly accounts for the as-built
surface morphology from the SLM process.

4. CONCLUSION

This study experimentally and numerically characterized
the hydraulic performance of channels integrated with SLM-
fabricated spatial lattice structures of varying densities. The
main conclusions are:

*Spatially ordered lattice structures induce a significantly
higher pressure drop compared to smooth channels, which
increases with lattice density due to greater flow constriction
and surface area.

*The standard k-¢ turbulence model, while capturing
qualitative trends, systematically underestimates the hydraulic
resistance. This is primarily attributed to its inability to
account for the significant surface roughness and micro-scale
morphological imperfections inherent to the SLM process, as
evidenced by micrographic analysis.

*Despite the increased hydraulic resistance, the immense
surface area offered by lattice structures makes them potent
candidates for high-flux compact heat exchangers where
thermal performance is prioritized, and the pressure penalty
can be managed.

Limitations and future work:

A key limitation of this study is the use of an idealized
numerical model that does not incorporate surface roughness.
This work was also focused on hydraulic performance;
concomitant thermal measurements are essential for a
complete thermal-hydraulic assessment.

Future research should focus on: (i) quantifying the surface
roughness and incorporating it into more advanced turbulence
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models (e.g., LES or Transition SST) or using porous media
approximations with experimentally calibrated coefficients;
(i1) conducting conjugate heat transfer analysis to evaluate the
overall thermal-hydraulic efficiency; and (iii) exploring multi-
objective optimization of lattice unit cells to minimize
pressure drop while maximizing heat transfer.
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