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Abstract— This article shows two examples of finned
3-D-printable metal liquid-cooled cold plates for power semi-
conductor applications: a circular cold plate for press-pack
devices, and a square design for power semiconductor modules.
The circular cold plate for press-pack devices, fabricated by
selective laser melting (SLM), is experimentally characterized
and numerically simulated with a 3-D finite element method
(FEM) commercial tool. The fabricated prototype shows a good
geometrical definition of the fins, thanks to the optimized choice
of the metal powder used by the SLM process, and of the
fin block geometry. The comparison of measured and modeled
temperature maps and pressure drop values also serves as
validation of the FEM simulation used for the design of the
rectangular cold plate for power modules. Extensive simulations
are carried out in search of the optimized geometry for the
rectangular fin block and the inlet and outlet terminals. The
new finned 3-D-printable design for power modules is compared
with a traditional serpentine design and shown to outperform
it significantly in terms of both cooling efficiency and pressure
drop.

Index Terms— 3-D printing, cold plates, electronics cooling,
finite element analysis, power electronics.

I. INTRODUCTION AND BACKGROUND

POWER semiconductor devices, such as diodes, thyristors,
IGBTs, and FETs, are the key components in power

converters, which are becoming more and more ubiquitous,
being employed in a multitude of systems and applications,
including e-mobility (whether automotive, railway, nautical
or avionic), industrial converters and welding systems, bat-
tery storage systems, chemical reactors, renewable energy
power plants, charging stations for electrical vehicles, etc.
Although these systems have now reached rather high levels
of efficiency, the large amounts of power dissipated by the
Joule effect over relatively small areas, hence the high power
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density, require high-performance optimized cooling systems
to avoid overheating and consequent degradation or failure of
the device and the entire system [1], [2]. In this context, liquid-
cooled cold plates are typically the solution of choice, with a
coefficient of performance, or coefficient of operation, defined
as the ratio between the extracted power and the power spent
for cooling, in the 300–500 range versus values in the 10–100
range for forced air cooling [3]. Moreover, today’s metal-
based additive manufacturing techniques allow the production
of highly optimized designs, almost impossible to obtain with
traditional milling, with a significantly improved trade-off
between thermal and hydraulic performance [4], [5]. In partic-
ular, finned geometries can be achieved that have the potential
to outperform standard serpentine-channel designs [5] (see
also Section IV below); other, more sophisticated solutions,
such as microchannels [6], are suited for integrated circuits,
but as of today not for widespread industrial application
to power modules and press-pack devices for reasons of
cost, mechanical robustness, and manufacturing complexity;
moreover, they are generally integrated within the device under
test (DUT) rather than used to manufacture cold plates that can
directly replace, with better performance, legacy products.

The design of optimized cold plates, however, is a com-
plex task, involving the consideration of coupled thermal
and hydrodynamic phenomena. Luckily, finite-element mod-
eling (FEM) simulations have now become a very powerful,
computationally efficient, and accessible tool allowing the
multi-physical analysis of realistic 3-D structures directly
taken from digital computer-aided design (CAD) files; once
a reliable FEM model is available, sorting out different design
options becomes a much quicker and less expensive process
than the traditional approach of prototype fabrication and
testing.

This article shows two examples of finned 3-D-printable
metal liquid-cooled cold plates: a circular cold plate for press-
pack devices, and a square design accommodating three power
semiconductor modules; both designs are based on the same
internal finned layout. The circular press-pack cold plate,
a sample of which has been fabricated and characterized, was
used for the validation of the FEM model, and later applied
to the design of the cold plate for modules.

The article is organized as follows: Section II describes the
additive manufacturing technology of choice, and the simu-
lation tool we adopted; Section III deals with the modeling
of the circular cold plate for press-pack devices, and the FEM
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model validation by comparison with experimental results; the
FEM modeling approach is then applied, in Section IV, to the
design of the cold plate for modules, and a few conclusions
are drawn in Section V.

II. COLD PLATE 3-D PRINTING AND FEM MODELING

The cold plate designs presented in this article are based
on the use of additive manufacturing, and in particular on the
selective laser melting (SLM) 3-D metal printing process [7].

SLM creates the desired piece layer-by-layer, through local-
ized fusion of the metal powder (usually a magnesium,
aluminum, and silicon alloy, AlSi10Mg) by a finely tuned
laser beam. The laser parameters and the optimum choice
of the powder, in terms of material and particle diameter,
are essential for obtaining well-defined and robust speci-
mens [8]; robustness is key, particularly in press-pack stacks,
where forces of several tens of kN can be applied to the
stack [4]. Moreover, the finished printed pieces must undergo
proper thermal treatments [7], [8] to avoid cracks and grain
boundaries that may weaken the structure and rapidly lead to
fluid leakages, and failure of the entire system. The complex
machine and material parameter space generally requires com-
putationally intensive numerical process simulations, in order
to optimize the parameter values for the specific sample to be
manufactured [9].

As far as the internal layout of the cold plate is concerned,
previous work [4], [5] showed that finned geometries allow
better thermal performance (in terms of both low thermal
resistances and uniform thermal gradients) compared with
that of traditional serpentine-based solutions, as well as lower
pressure drop for comparable flow rates; the latter result has
important consequences for the pumping apparatus, in par-
ticular in big cooling systems where several water boxes are
hydraulically series-connected: relaxing the requirements on
pumping power allows energy savings and reduces mainte-
nance costs.

The modeling approach we adopted is based on 3-D
FEM simulations, carried out with Comsol Multiphysics 5.3.
In particular, the simulations feature full coupling between
thermal and fluid dynamics equations. We used segregated
solvers (GMRES, FGMRES), with a convergence parameter of
0.001 (i.e., the computation stops when the relative difference
between the results of two successive iterations falls below
0.001). We impose the local thermal equilibrium condition at
the sold-fluid interface. The simulation of the coolant fluid
dynamics assumes laminar flow, with no-slip boundary con-
dition at the interface between the cold plate internal surface
and the liquid. The laminar flow assumption is supported by
the Reynolds number (locally calculated by Comsol), which
at 12 L/min reaches a maximum value of 2128 for the
rectangular cold plate, and about 1500 for the circular one (the
transition region between laminar and turbulent flow extending
from 2400 to 4000); it is also worth pointing out that these
peak values are attained in the inlet and outlet collectors, while
the values found in the channels are much lower (<100). Pure
water was considered in the model as the coolant.

For accurate solution of Navier–Stokes’s and Bernoulli’s
equations, the tetrahedral mesh was carefully constructed for

Fig. 1. Unstructured mesh used for the simulations. The inset zooms on the
inlet manifold, where the boundary layer is split into two layers as is in all
inner boundaries.

high resolution on the boundary layers, where the velocity
magnitude gradient can be large. The mesh used for the
rectangular cold plate described in Section IV is shown in
Fig. 1; finer meshes than the one adopted in our simulations
were generated to verify mesh independence of the simulation
results. Adiabatic boundary conditions were applied to the
symmetry planes, in order to reduce the number of degrees
of freedom and, consequently, the computation time, which
is typically in the order of 2 h in a 2-Xeon E5-2660 CPU
workstation with 256 GB of RAM.

III. CIRCULAR COLD PLATE FOR PRESS-PACK DEVICES

The cold plate design proposed here, a circular 14 mm thick
cold plate for 48 mm diameter press-pack devices, represents
the evolution of previously studied solutions [5]. The cold
plate, shown in Fig. 2 together with the main model boundary
conditions, is equipped with an internal finned block with
uniform parallel channels, in which the coolant (filtered tap
water) flows with high-velocity laminar flux; the fin thickness
is 0.7 mm, the fin height is 8 mm, and the channel width is
0.5 mm (i.e., the fin pitch is 1.2 mm).

These geometrical features were found [4], [5] to offer the
required cooling performance and low occurrence of channel
obstructions, which tend to affect narrower channels due to
incomplete powder removal at the end of the printing process,
making it difficult for the SLM technique to accurately repro-
duce details smaller than 0.5 mm; impurities in the coolant
can also contribute to obstructions in very narrow channels.

Another important point is the right choice of the diam-
eter of the powder particles, on which the resolution of
the 3-D-printed piece depends [7]. With respect to previous
specimens [4], [5] the diameter of the powder grains was
reduced from 50 to 30 µm, with significant improvement
of the resolution of the fin block features. Combined with
optimized sizing of the channel and fin size, this allowed
remarkable improvement in the quality of the fabricated piece.
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Fig. 2. Schematic representation of the external and internal geometry of the
circular cold plate for press-pack devices proposed in this work; also shown
are the boundary conditions used in the FEM simulations.

Fig. 3. Images taken at the inlet of the cold plate with an endoscopic
camera: (a) imaging set-up, (b) first-generation 3-D-printed printed cold plate
with obstructed channels [5], (c) second-generation 3-D-printed printed cold
plate [5], and (d) third-generation 3-D-printed printed cold plate.

Fig. 3 shows a visual analysis of the internal fin block of
subsequent versions of the cold plate; the images were taken
using a digital endoscopic camera. As one can observe from

Fig. 4. Test bench view.

the pictures, the more recent versions [Fig. 3(c) and (d)] show
a much more regular, clean, and precise block of fins with
respect to the first-generation version [Fig. 3(b)]. Optimized
values of the fin geometry (0.7 mm thickness, 1.2 mm pitch)
were introduced in the third-generation design [Fig. 3(d)],
which was also made lighter by removing unnecessary metal
from the cold plate sides and machined with lapping on
the heat exchange surfaces, in order to improve the thermal
contacts. Finally, starting from the second-generation version,
we introduced funnel structures at the inlet and outlet terminals
(Fig. 2), allowing more uniform fluid velocity distribution over
the entire block of channels, hence lower thermal gradient and
reduced risk of hot-spot formation.

Temperature mapping was performed with the test bench
described in [5] and shown in Fig. 4. The cold plate was heated
by a 600 W, 1 � power resistor in thermal contact with one
of its surfaces (the resistor is electrically insulated from the
cold plate to avoid the risk of electrical shocks by contact with
the water pipes); the corresponding unit-area power density is
17.4 W/cm2. The contact was ensured by a layer of bicom-
ponent adhesive thermal grease (Bergquist TGF 3600 thermal
grease, with thermal conductivity of 3.6 W/m·K). The opposite
cold plate surface, instead, was kept free and treated with a
layer of opaque spray paint, in order to reduce reflection in
the infrared band, and analyzed with a digital thermal camera;
images were taken at the end of thermal transients, under
steady-state conditions. The emission coefficient of the surface
under test was calibrated until the temperature measured by
the thermal camera under steady-state conditions was the same
as the ambient temperature measured with a mercury-column
thermometer. The estimated accuracy is about 0.5 ◦C for the
thermal camera and 0.2 ◦C for the thermocouples. We mea-
sured the flow rate and inlet and outlet water temperatures
using a rotameter and K-type thermocouples, respectively.
The resistor-cold plate assembly is not insulated during the
measurement; however, the injected power is calculated from
the temperature difference between the outflowing and the
inflowing fluid, so any power loss that there may occur does
not impact the accuracy of our estimates.

Fig. 5 shows the comparison between measured (top) and
simulated (bottom) thermal maps. The first point to note
is the good overall agreement between measurements and
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Fig. 5. Measured (top) and simulated (bottom) thermal maps. The power
dissipated by the heating resistor is 520 W, and the flow rate is 1.05 L/min.
The blue arrows indicate the line along which the temperature profiles of
Fig. 6 are taken.

Fig. 6. Measured and simulated temperature profiles along the blue lines in
Fig. 5. The dissipated power is 520 W, and the flow rate is 1.05 L/min.

model, in terms of 2-D temperature distribution and values.
Second, with respect to previous results [5], no hot spots or
anomalous thermal gradients are observed anywhere in the
structure, thanks to the aforementioned improved design and
good uniformity in the 3-D printing of the fin block.

The measured and simulated temperature profiles along the
central axis of the cold plate (blue arrows in Fig. 5) can be
seen in Fig. 6. While the match between the two curves is
satisfactory, the experimental data indicate a slightly better

Fig. 7. Pressure drop (simulated and measured) and thermal resistance at
different values of flow rate for the cold plate of Fig. 2. The injected thermal
power is 2.4 kW.

performance than that predicted by the model, probably thanks
to some internal surface roughness, unaccounted for in the
simulations, actually increasing the heat exchange surface
between water and metal.

The performance is improved, both in terms of thermal
resistance and pressure drop, if compared with a traditional
serpentine-based solution [4]. A few pressure drop values mea-
sured with a precision manometer (Fluke 700G27 300 PSIG)
are included in Fig. 7 (blue diamonds). The experimental cold
plate pressure drop was calculated by subtracting from the
total pressure drop the parasitic series pressure drop, measured
after removing the cold plate from the hydraulic circuit.
The measurement range was limited by the flowmeter range
(2.0–4.8 L/min). There is a slight (about 20%) deviation of the
simulated values relative to the measured ones, which could
be explained at least in part by some discrepancy between the
actual fin geometry and the simulated one: as a matter of fact,
observing the cold plate from the input terminal [Fig. 3(d)],
the fins appear to be slightly thinner than the nominal value
(the one set in the simulations), due to printing tolerances; this
results in slightly wider channels, hence the lower measured
pressure drop with respect to the simulations.

Considering the good compromise it offers between per-
formance and manufacturability, the fin width used for the
circular cold plate described so far was also adopted for the
design of the rectangular cold plate for power modules that is
discussed in Section IV.

IV. RECTANGULAR COLD PLATE FOR POWER MODULES

In this section, we present FEM simulations of a novel
design for a finned-geometry 3-D-printable (FG3-D) rectan-
gular cold plate for power modules. Rectangular cold plates
are the standard solution for single-side cooling of power
modules [10], multi-chip server modules [11], or battery
packs [12], [13], [14]. This analysis is an extension of pre-
vious work [5] that showed finned layouts to outperform the
traditional serpentine-geometry solutions.

In this work we consider a 20 mm thick water box; this
value was shown to offer a good trade-off between pressure
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Fig. 8. Geometry details and FEM boundary conditions for the rectangular
finned cold plate for power modules (case with channel width of 0.5 mm).
Only half of the cold plate is shown and was simulated thanks to the symmetry
plane.

TABLE I
FEM SIMULATION RESULTS FOR FINNED RECTANGULAR COLD PLATES

drop, thermal resistance, and cold plate volume and weight.
The fin width is kept fixed at 0.7 mm (as in the circular cold
plate of Section III). On the other hand, we vary the channel
width between 0.5 and 1.2 mm in search of the optimum
geometry of the fin block. Fig. 8 shows (half of) the FG3-D
cold plate in the case of 0.5 mm wide channels, together with
the main dimensional details and model boundary conditions.
As indicated in the figure, the cold plate is designed to
accommodate three power modules (dissipating 1 kW each
in our simulations).

Table I shows some of the results of this simula-
tion campaign: we varied the flow rate from 1 L/min to

Fig. 9. External (left) and internal (right) view of the traditional, commercial
serpentine cold plate (TCP) [5].

Fig. 10. Simulated pressure drop and thermal resistance comparison
between the finned-geometry 3-D-printable FG3-D cold plate (channel width
of 0.5 mm), and a traditional cold plate (TCP) based on serpentine geometry,
as a function of the water flow rate. The total injected power is 3 kW, and
the inlet water temperature is 15 ◦C.

16 L/min; however, we observed numerical convergence prob-
lems beyond 12 L/min, probably due to the onset of turbulence
phenomena, so we limited the analysis to this upper bound;
moreover, although we varied the flow rate with 1 L/min steps,
for the sake of compactness Table I shows results with 2 L/min
resolution. As can be expected the cold plate thermal resistance
increases with the channel width, due to the reduction of the
heat exchange surface, resulting in higher values of average
(Tave) and maximum (Tmax) temperatures; on the other hand,
thinner channels result in larger pressure drops for any fixed
value of the water flow rate.

However, we chose 0.5 mm for the channel width because
the corresponding pressure drop values are quite accept-
able for practical cooling systems, and much lower than
those offered by traditional serpentine-geometry cold plates,
as shown below.

In the following we compare the simulated performance of
the FG3-D cold plate with that of a traditional cold plate (TCP)
based on a serpentine geometry, an example of which is shown
in Fig. 9. The serpentine-channel cold plate is a commercial
product successfully adopted to cool power modules of the size
and power rating we are considering here, hence it represents
a significant benchmark for novel designs. The comparison
between the novel proposed design (Fig. 8) and the traditional
serpentine-channel design (Fig. 9) is made for the same heat
exchange area (module area).

Fig. 10 shows the pressure drop and the thermal resistance
computed in the two designs as a function of the water
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Fig. 11. Simulated water velocity magnitude map for (half of) the FG3-D
cold plate with horizontal inlet/outlet terminal arrangement.

Fig. 12. Simulated water velocity magnitude for (half of) the FG3-D cold
plate with horizontal inlet/outlet terminal arrangement, along the black line
(x) shown in Fig. 11.

flow rate. It is clearly visible how, for comparable values
of the thermal resistance, the finned design outperforms the
serpentine design in terms of pressure drops. The FG3-D cold
plate performs better than the TCP also in terms of thermal
resistance, except at the high end of the flow rate range, where
the TCP cannot practically operate due to excessive pressure
drop.

It is worth mentioning that one of the novel features of
the FG3-D design is the presence of vertical inlet and outlet
terminals (see Fig. 8). This arrangement, as opposed to the
traditional horizontal inlet/outlet arrangement, offers a distinc-
tive advantage in the hydraulic performance of the cold plate,
ensuring very uniform fluid velocity distribution over all the
channels. On the other hand, with a more traditional horizontal
inlet/outlet arrangement, the central channels of the fin block,
which are those that directly face the inlet, show a significantly
higher water velocity than the peripheral ones, as shown
in Figs. 11 and 12; this obviously reflects in nonuniform

Fig. 13. Simulated water velocity magnitude for (half of) the FG3-D cold
plate with vertical inlet/outlet terminal arrangement, along the black line (x)

shown in Fig. 11.

Fig. 14. Simulated thermal map of (half of) the FG3-D cold plate with vertical
inlet/outlet arrangement; the channel width is 0.5 mm, the total dissipated
power is 3 kW, the flow rate is 12 L/min, and the inlet water temperature
is 15 ◦C.

cooling, hence worse thermal performance. The excellent
water velocity uniformity offered by the vertical inlet/outlet
arrangement is clearly illustrated in Fig. 13, resulting in the
very uniform temperature distribution shown by the thermal
map in Fig. 14.

V. CONCLUSION

This article showed two examples of finned 3-D-printable
metal liquid-cooled cold plates for power semiconductor appli-
cations: a circular cold plate for press-pack devices, and
a square design accommodating three power semiconductor
modules. The finned blocks can be fabricated by the SLM
3-D metal printing process.

The circular cold plate for press-pack devices was described
in detail (also in comparison with previous less mature ver-
sions) experimentally characterized and numerically simulated
with a 3-D finite element method (FEM) commercial tool. The
latest prototype shows a much improved geometrical definition
of the fins, thanks to the optimized choice of the metal powder
used by the SLM process and of the fin block geometry, and
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can now be considered a mature product, ready to be tested in
a complete leg of a press-pack converter, before final market
deployment.

The temperature maps and pressure drop values measured
on the circular cold plate were compared with the modeled
results to validate the FEM simulations that were used for the
design of the rectangular cold plate for power modules.

Extensive simulations were carried out for the rectangular
cold plate in search of the optimized geometry for the fin
block over a wide range of cooling fluid (water) flow rates.
Novel vertical inlet and outlet terminals were also compared
with horizontal ones and shown to yield much improved
uniformity of water velocity distribution among the parallel
channels, hence better thermal performance. The new finned
3-D-printable design was compared with a traditional serpen-
tine design and shown to outperform it significantly in terms
of both cooling efficiency and pressure drop, with important
implications for the cost of the hydraulic system, particularly
for hydraulically series-connected cold plates.

The simulations and measurements shown in the arti-
cle demonstrate the effectiveness of 3-D-printed finned
liquid-cooled cold plates for high-power semiconductor appli-
cations, which, thanks to highly customizable layouts, allow
very good thermal and hydraulic performance. This promises
improved device reliability, thanks to lower operating tem-
peratures and more uniform temperature distributions, as well
as more efficient, cheaper, and less cumbersome hydraulic
cooling systems. The use of advances 3-D printing techniques
such as SLM also yields improved reliability of the cooling
system itself, thanks to the absence of welded joints and
gaskets, which are prone to liquid leaks possibly causing
system failures.
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