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H I G H L I G H T S

• Capillary performance of a metal 3D-printed porous structure is evaluated.

• Effects of working fluids on the capillary pumping of 3D-printed wicks are studied.

• The computed pressure drop of the sample is compared with the available models.

• Gravitational effect on the capillary pumping of 3D-printed wicks is determined.

• Capillary performance of 3D-printed wicks is compared to conventional wicks.
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A B S T R A C T

This paper examines the so-called capillary performance of a freeform porous structure fabricated by advanced
3D metal printing technology. The fabricated structure is intended as wick for two-phase heat transfer devices, in
which it contributes to the transport of a liquid working fluid through capillary forces. A stainless steel porous
structure is additively manufactured and characterized in terms of its porosity (ε), effective pore radius (reff),
liquid permeability (K) and capillary performance (K/reff). Forced liquid flow tests with deionized water as
working fluid are conducted to determine the permeability. Capillary penetration experiments are performed by
means of height-time (h-t) and weight-time (w-t) techniques with different fluids to characterize the capillary
performance of the printed wicks. The experimentally determined values of permeability and pressure drop are
compared with the well-known Darcy’s law and Forchheimer corrections. The Kozeny–Carman correlation is
found to predict the experimental values of permeability at lower flow velocities (0.07m/s corresponding to a
Reynolds number of 0.95), while at higher velocities an under-prediction of the experimental data is observed.
The Kozeny-like model taking into account inertial effects is updated in terms of constant values that fit with the
experimental data very well. The accuracy of the theoretical models for characterizing capillary rate-or-rise
processes is also assessed. It is concluded that the capillary penetration of liquids in the 3D-printed wick follows
the law: h(t)∼ t1/3 at intermediate stage. Observation confirms that the gravitational effect played a significant
role in the 3D-printed wick, introducing slower capillary rising. Compared to sintered powder, screen mesh and
composite wicks selected from literature, the designed 3D-printed wick enhances the capillary performance. It is
concluded that due to the large permeability and capillary performance (K/reff), heat pipes in conjunction with a
3D-printed wick can significantly augment their heat transfer.

1. Introduction

Two-phase passive heat transfer devices enjoy strongly increasing
attention, because of their importance for industrial thermal manage-
ment problems [1–5], building upon their effective and reliable per-
formance. Heat pipes, as passive heat transfer devices, operate by uti-
lizing the latent heat of an internal working fluid [6,7]. Porous

structures are at the heart of heat pipes. They are utilized as capillary-
wicking medium to drive the circulation of working fluid in its liquid
phase, as well as evaporation-enhancement structures to release/cap-
ture the working fluid in its vapor phase. In heat pipe design, wick
performance is often a limiting factor [8]. Common homogeneous wicks
for heat pipes are made of grooves [9,10], wrapped screens [11] or
sintered metal solutions [12,13]. Such homogenous shapes stem from
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manufacturing constraints and influence the wick’s performance. For
the performance of a wick, the capillary pressure it may generate and its
permeability to the working fluid are key indicators. Ideally, one re-
quires structures that generate high capillary pressure, combined with
high permeability. Current solutions do not fully realize this. For in-
stance, a screen wick generates a moderate capillary pressure at low
permeability [14–16]. The performance of axial grooved wicks is quite
good in terms of its permeability [17], while the low capillary pumping
pressure of such wicks severely limits applications in case the working
fluid must ascent against gravity. The permeability of sintered wicks is
generally low, because small pores of the sintered porous wick cause a
large pressure drop in the liquid-flow passage [16]. Recently, much
research [18–27] is devoted to more advanced composite wicks in-
cluding composite screens and screen-covered grooves. These solutions
provide high-capillary pressure and high permeability, but also require
complex manufacturing steps. With current advances in metal 3D
printing, an additively manufactured porous wick structure could well
be an alternative, offering small-scale feature sizes and 3D ligament
arrangements in a variety of possible configurations. In this case, 3D
printing allows much greater freedom in defining the wick geometry
and properties – in this paper, we therefore investigate experimentally
the wick quality with potential use in heat pipes in mind.

Unlike conventional manufacturing processes, additive manu-
facturing (AM), colloquially known as 3D printing, can directly produce
complex 3D parts [28,29]. It is a process whereby a solid object is
fabricated directly from the digital CAD file. Especially, metal powder
bed fusion technologies, such as selective laser melting (SLM), offer the
possibility to combine solid and porous regions within one part. The
main benefit of a 3D-printed wick is in the fabrication of a freeform
porous structure with complex geometry and optimized internal pore
structure, which can be integrated flexibly without introducing further
interfaces, as a single manufactured heat pipe. This will result in a
significant improvement of the rate with which heat can be removed,
potentially, leading to an important breakthrough in thermal manage-
ment systems.

Recently, 3D-printed wicks have been proposed to fabricate pre-
defined net-shape porous structures such as open-cellular stochastic
foams and reticulated meshes [30] and hexagonal lattices [31]. Re-
search specifically aimed at 3D printing porous structures for two-phase
heat transfer devices is scarce. Very recently, Jafari and Wits [32] re-
viewed advanced heat transfer devices utilizing additive manu-
facturing. Esarte et al. [33] presented a 3D-printed wick for loop heat
pipes. The wick was characterized for permeability, capillary pumping
and thermal conductivity, and showed a 10% increase in heat transfer
rate compared to a conventional solution. Ameli et al. [34] reported on
3D-printing of an aluminium wick structure for heat pipes with am-
monia as the working fluid. Randomized and regular porous structures
were tested. Recently, Jafari et al. [35] fabricated and tested a stainless
steel porous structure for heat pipe applications utilizing SLM. They
showed that the effective thermal conductivity of the particular 3D-
printed wick is in the range of 3W/m·K for ethylene glycol and 6W/m·K
for water as tested working fluids, thereby establishing a high sensi-
tivity of the thermal conductivity to the interstitial fluid.

Although a large body of literature is devoted to permeability
[36–39] and capillary performance [40–42] evaluation of packed bed
powder, sintered powder wicks and composite porous structures, 3D-
printed wick structures have been barely investigated thus far. In this
study, an experimental set-up is developed to perform analyses of
single-phase heat transfer properties of a 3D-printed stainless steel wick
using various working fluids. Several key performance parameters for
the wick structure, affecting the heat transfer performance and capillary
limit of a heat pipe are characterized: porosity, effective pore radius,
permeability, capillary pumping performance and wettability. Forced
liquid flow tests are performed to evaluate the permeability of the wick.
Furthermore, the rate-of-rise test of liquid in a porous structure is used
to characterize the wick capillary performance. Liquid uptake is

determined by both mass and wetted height. Prior to the capillary pe-
netration experiments, the porous structure was characterized using
scanning electron microscopy (SEM). Finally, the capillary performance
of an SLM-fabricated porous structure is compared to available wicks
for heat pipe applications as reported earlier in the literature. This
paper is organized as follows. The hydraulic performance description of
porous structures is described in Section 2, followed by presenting the
experimental facilities in Section 3. Subsequently, Section 4 addresses a
discussion of results including permeability measurement and capillary
rise tests. Concluding remarks are presented in Section 5.

2. Hydraulic performance description of proposed 3D printing of
porous structures for two-phase heat transfer devices: Theoretical
models

In heat pipe applications, there are several key performance para-
meters for the wick structure which determine the ultimate heat
transfer performance: permeability and capillarity, among others. The
permeability is a measure for the openness of the structure, and hence,
for the effort needed to transport the liquid working fluid through the
wick and the capillarity is a measure for the pumping power of the
wick, by which the working fluid can be transported through the
system. The ratio K/reff is a key parameter, characterizing the capillary
limit of a wick for heat pipe devices and is often referred to as the
capillary performance [43]. Here, K is the permeability of the porous
structure and reff is the effective pore radius. reff is a parameter used to
describe the pressure rise for liquid pumping. reff is defined as rp/cosθ
where rp is the pore radius and θ is the contact angle of the working
fluid with the wick material.

The permeability and pressure drop in porous structures depend on
several parameters such as the porosity, pore size and its distribution.
Increasing K and decreasing reff are key design issues for enhancing the
liquid propagation rate. A small pore size of a wick leads to low ef-
fective pore radius of the wick and high capillary pressure, but it also
decreases the permeability. Therefore, it is essential to estimate con-
flicting properties when designing wick structures for heat pipe devices:
permeability (K), effective pore radius (reff), and also K/reff as a single
parameter which captures the trade-off between the former two com-
peting and conflicting properties. In this section, theory behind the
development of an experimental setup, suitable to accurately char-
acterize the hydraulic performance of a 3D-printed wick is presented.

2.1. Theoretical model and research objective: Permeability

Permeability is commonly measured in forced flow tests using liquid
or gas, during which the achieved flow rate is recorded upon imposing a
prescribed pressure drop. For liquid flow in wicks, in case of water,
when the velocity is sufficiently small, inertial effects are negligible and
the permeability of a wick is determined by Darcy’s law [6,16]. The
well-known Darcy’s law states that the pressure drop (ΔP) across the
porous medium per unit length (L) is proportional to the effective fluid
velocity (v), the dynamic viscosity (µ), and inversely proportional to the
permeability coefficient (K):

P
L

μ
K

vΔ = (1)

where the effective flow velocity given by v = ṁ/ρA. Here, A is the
average cross-sectional area of the wick, available to liquid flow. For
higher flow velocities, > 0.1m/s [44], where drag becomes important,
an approach based on Forchheimer corrections is used [18,45] to pre-
dict the pressure drop:
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where K1 is the Darcyan permeability coefficient and corresponding
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constant (1/K1) is the Darcy term (m−2), K2 is non-Darcyan perme-
ability coefficient and the corresponding constant (1/K2) is the For-
chheimer term (m−1) or so-called form drag coefficient. Since both
Darcyan and non-Darcyan terms are affected by the structure of the
wick, i.e. porosity, pore size, etc., it is necessary to evaluate and adopt
the available predictable expression for permeability and pressure drop
of a new porous media, herein 3D-printed wicks.

One should take into account when evaluating the hydraulic per-
formance of porous structures is type of flow regime, particularly the
Reynolds number. An important length scale, square root of perme-
ability (√K) [46], can be used in the definition of the Reynolds number
in the porous medium, which is called permeability-based Reynolds
number (ReK) [47]:

Re
ρ K v

μK =
(3)

The value for K can be calculated by two different approaches: (i)
using the permeability obtained from pressure drop and flow velocity
values up to which the transition takes place based on expression (1), K;
(ii) using larger flow velocity values, obtained from Forchheimer cor-
rection (2), K1. Based on above mentioned Reynolds number, distinct
flow regimes are recognized, namely: Darcy flow regime (ReK < 1),
Forchheimer flow regime (1–10 < ReK < 150), and post-Forchheimer
flow regime and fully turbulent flow (ReK > 150) [47]. By system-
atically varying the pressure drop over a sample, and recording the
average flow velocity that arises, one may readily extract K, K1 and K2

from the observed data.

2.2. Theoretical models and research objective: Capillary performance

The capillary rate-of-rise test can be used to characterize the ca-
pillary performance parameters of a wick structure, i.e., K/reff [42,48].
The capillary rate-of-rise test consists of dipping a sample in a reservoir
containing liquid and measuring (i) the wetted height above the level of
the reservoir as a function of time (height-time technique, h-t) and/or
(ii) the measurement of the increase in weight of the sample caused by
the liquid penetration as a function of time until the capillary and hy-
drostatic pressures equilibrate [6,43].

For the rise of liquid in a wick with small effective pore diameters
(approximately < 300 µm for water), three pressures are assumed to
be in balance at the wetted height. Capillary pressure (ΔPc) is assumed
to be in balance with the hydrostatic pressure (ΔPh) and the pressure
loss associated with friction (ΔPf), neglecting momentum [14]:

P σ θ
r

Δ 2 cos
c

p
=

(4)

P ρghΔ h = (5)

P
με
K

h dh
dt

Δ f =
(6)

where σ is the liquid surface tension, g is the gravitational acceleration,
ε is the porosity of the sample and dh/dt is the capillary rise velocity. In
order to characterize a wick, the cosine of the contact angle (θ) of the
working fluid with the wick material is usually set to unity assuming
good wettability. As mentioned before, the pore radius (rp) is replaced
by the effective capillary radius (reff= rp/cosθ). This implies:

P σ
r

Δ 2
c

eff
=

(7)

Therefore, according to momentum balance (ΔPc= ΔPf+ ΔPh) at
the wetted height of the sample:
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To evaluate the capillary performance when gravity effects cannot
be neglected, Eq. (8) can be rewritten including the parameter K/reff as:
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dt

σ
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(9)

In this case, capillary performance can be determined by the ca-
pillary rise height (x= 1/h) and capillary rise velocity (y= dh/dt) as-
suming working fluid properties and wick porosity are known as:
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r
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(10)

If gravity is negligible, Eq. (8) reduces to the Washburn’s equation.
In this approach, it is assumed that only displacement changes with
time, therefore:

K
r

με
σ

h
t4eff

2
=

(11)

In Eq. (11), there is a linear relation between h2 and t as long as the
assumptions (no inertia, no gravity) hold.

The relation between the height of the liquid and the capillary
pumping mass is:

h m
ρεA

=
(12)

Hence, mass (m) and capillary rise mass (dm/dt) can be determined
when gravity effects cannot be neglected and squared mass (m2) versus
time can be computed neglecting gravity effect as well.

Considerable studies on capillary fluid uptake by porous structures
have been reported on the basis of the fundamental study of Washburn
(h-t1/2) [49]. However, the accuracy of this formulation is insufficient
in some cases and researchers have reported contradicting results from
this method [50–56]. w-t and h-t techniques have been also compared
for silica gel powders [57,58] and for polyethylene porous media and
cellulose paper in [59] and discrepancies were reported due to porous
media properties (e.g., porosity and pore sizes distribution) and wetting
liquid (i.e., viscosity and surface tension) [60].

Based on the above discussion, though considerable studies in-
dicated that the capillary performance can be generally evaluated by
the classical Washburn expression in which the rise of height (or mass)
is proportional to the square root of time (h(t) or w(t)∼ t1/2). Neglected
by the Washburn model, the gravitational effect may influence the
capillary rise. Ponomarenko et al. [61] observed that the normalized
capillary rise height is proportional to the cubic root of time

h t
a

σt
μa

( ) 1/3

⎜ ⎟
⎛
⎝

⎞
⎠ (13)

where a = (σρ/g)1/2 is the capillary length. The contact angle char-
acterizing the wetting of the liquid on the solid is assumed to be
completely wetting. This expression will also be evaluated in this paper
to characterize the capillary rise dynamics of a 3D-printed wick. Deng
et al. [62] experimentally showed that the capillary rise in a groove
wick first follows the Washburn relation, h(t)∼ t1/2, and then is gov-
erned by the h(t)∼ t1/3.

In the case of a 3D-printed wick, the determination of the wicking
height is difficult, but by measuring weight as a function of time, vi-
sualizing the rising fluid front and image processing can be avoided.
The w-t technique however features some disadvantages when com-
pared to the h-t technique. As the sample in this study, has a small
thickness (1 mm) compared to the width (20mm), the initial effect of
wetting is the attachment of an outer meniscus to the wick, may result
in a significant rise in mass when compared to the mass gain due to the
wicking effect alone as was reported in [63]. For this reason, the
measurement and comparison of both liquid height and weight as a
function of time will determine whether these techniques are applicable
in capillary-wicking structures fabricated by 3D printing. The capillary
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rise mass can be computed relatively easy by a precise balance, while
different imaging techniques exist to visualize the height of the fluid
front: e.g. recording images during the capillary rise [64–66] and In-
fraRed (IR) thermography [67]. Due to the difference in emissivity of
the working fluid and the wick material, the rise of the meniscus can be
recorded through IR [56]. In this paper, an IR thermal imaging method
is utilized to evaluate the capillary rise height

3. Development of experimental setup

3.1. Porous sample and its characterization using SEM

Specifications of the metal powder employed for fabricating of the
porous structure are summarised in Table 1. The selected powder has a
fine average particle size, according to SEM image provided in Fig. 1(a).
The powder material size distribution is presented in Fig. 1(b). It has a

particle size range of 7.8–53.9 μm, an average of 33 μm.
A 3D-printed porous structure of 1×20×40mm3 is manufactured

from the metal powder by SLM using an Mlab Cusing 90, 3D Metal
Printing machine. Specifications of the SLM machine are given in
Table 2. An Yttrium fiber laser is employed with maximum laser output
of 100W at a wavelength of 1.07 μm. Fabrication is achieved in layers.
Each layer is added by first depositing the powder feedstock on the
already printed structure to a thickness of 50 μm. The laser beam is then
employed and scanned over the surface with a nominal beam diameter
of 40 μm. After printing one layer, a next layer of powder is added for
subsequent printing. The power and exposure time of the laser during
each layer are set to control the degree of melting of the powder. This
exposure time defines the pore size of the porous structure as minimum
feature size and hence determines the porosity. A nitrogen atmosphere
is used to prevent oxidation of the metal powder during manufacturing.
The manufactured structure is finally removed from the substrate plate
using a wire erosion process to avoid excessive smearing of the pores.

The sample is generated by formation of 3D octahedral unit cells

Table 1
Specifications of metal powder used for metal 3D printing.

Metal powder

Commercial name CL 20ES
Material Stainless steel, chemical composition

according to CrNiMo 17% 13% 2%, 316L
Shape Irregular
Particle size: average/minimum/

maximum
33/7.8/53.9 (μm)

Thermal conductivity 0.15 (W/m·K)
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Fig. 1. (a) SEM image of feedstock powder and (b) its particle size distribution.

Table 2
Specifications of selective laser melting process.

SLM machine Concept Laser Mlab Cusing 90
Laser system yttrium fiber laser 100W, wavelength: 1.07 μm
Laser scan speed 7m/s
Laser focus diameter 40 μm
Layer thickness 50 μm
Hatch distance 1.3mm
Protective gas Nitrogen
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with sides of 500 μm. Fig. 2 shows the unit cell, the proposed CAD
model of the sample, SEM image of the sample as well as a photo of the
final part. The minimum, maximum and average dimensions of pore
sizes are characterized from several cross-section images (see Table 1),
following the tool described in [68]. One of the main advantages of 3D
printing is that it allows producing porous structures with a controlled
geometry. In this study, the mean pore size of the 3D-printed produced
wick (216 µm) is about 6% lower than as designed in the CAD file
(230 µm).

3.2. Porosity measurement

For measuring the porosity of the fabricated sample, a balance is
used to weigh the sample before and after saturating it with methanol.
Methanol is used rather than, for example, water, due to its volatility.
The porosity is measured by weighing the amount of methanol required
to saturate the wick following the Archimedes method:

ε
m ρ
m ρ

1 1 p l

l p
= +

(14)

where ε is the porosity, mp and ml are the porous structure and me-
thanol liquid masses, respectively, and ρp and ρl are the metal powder
and methanol mass densities, respectively. To ensure a complete sa-
turation of the sample, a dry sample is placed on a balance. The fluid is
delivered to the wick until the wick is flooded. The fluid evaporates and
at the point when the surface of the methanol recedes below the pores,
the weight is noted. A precise balance is used to measure weight.
Repeated trials indicated a deviation of less than 2% variation in the
porosity values. The average porosity of the tested sample is 0.46.

3.3. Permeability measurement using forced flow

A linear pressure drop test facility is used to determine the perme-
ability of porous structure using the forced liquid flow method as shown
in Fig. 3. The set-up is manufactured from acrylic, and consists of a flow
housing, a cover plate, the test sample and sealing components. An O-
ring is used, preventing any flow on the top side of the sample. A good
sealing is maintained by clamping all the test components together. The
top cover plate is precisely positioned to prevent compression of the
wick sample. The liquid flow, degassed water, is forced through the

sample by sending pressurized nitrogen gas to a water tank to provide a
broad range of smooth mass flow rates.

The test sample is cleaned prior to insertion into the test section,
following the procedure described in [69]. The cleaning process in-
volves immersing the sample in a solution of nitric acid and hydro-
fluoric acid. This is followed by placing the sample in an electric fur-
nace and heating in air to 400 °C for 1 h. Once the sealed test section
connects to the flow loop, liquid is passed through the test chamber at
varying mass flow rates. A pressure transducer is installed in the inlet
flow to measure the inlet pressure. The pressure at the outlet is the
atmospheric pressure. After the test section, water is collected in a
container and placed on a balance. Measured mass change data is col-
lected for 120 s and used to compute the mass flow rate for each test.
The flow rate is measured at steady state. Water was flushed through
the sample for 10min before beginning the measurements to remove
any air bubbles trapped in the sample. To check for constancy of the
flow rate, three successive measurements of flow rate are performed for
each test.

3.4. Capillary rate-of-rise test

The set-up to perform a rising meniscus test is shown in Fig. 4. The
experiment takes place in a glass chamber to minimize evaporation of
liquid during the entire capillary rise process. The experimental as-
sembly consists of an analytical balance from which the porous sample
is suspended in a vertical position. The sample hangs above a platform
that holds a liquid bath. To perform a measurement, the precision
lifting table is used to lift the liquid and bring it into contact with the
porous sample. The balance measures a change in weight as liquid is
drawn into the porous structure. The balance is interfaced to a com-
puter and the weight is recorded continuously as a function of time.
Water, methanol, n-Hexane and FC-72 are used as fluids.

Simultaneously, height measurements of the liquid meniscus are
recorded. An IR camera is used to accurately identify the front location
based on the difference in emissivity of the liquid and sample material.
In such a way, the meniscus is identified and recorded as a function of
time. Methanol and n-Hexane are used as fluids for the h-t technique.

The container of liquid is cleaned for each type of liquid.
Furthermore, a standard cleaning protocol for stainless steel porous
structures is performed prior to all tests [69]. Three sets of experiments

Fig. 2. 3D-printed stainless steel wick: (a) Unit cell, (b) a photo of the 3D-printed sample of 1× 20×40mm3, (c) proposed CAD model, (d) SEM image and (e)
optical microscopic image.
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were performed for each type of liquid to make sure the data was re-
producible. The experiments ended when the weight became constant
and the sample was saturated (or the liquid reached an equilibrium
height).

3.5. Uncertainty analysis

Using a standard error analysis method [70], the root of the sum of
the squares method, the measurement uncertainty was computed. The
measurement uncertainty for the electronic balance was in the range of
10−4 g. The uncertainty measurement of mass was 0.38%. The un-
certainty of the geometry was estimated at about± 0.1 mm. The un-
certainty of the porosity depends on the measurement uncertainty of
mass and volume, calculated at 2.6%. The uncertainty of the perme-
ability depends on the measurement uncertainty of the corresponding
parameters (the length and the cross section of the wick sample, pres-
sure drop and mass flow rate). The uncertainty analysis is performed
based on a pressure transducer error of 86 Pa and a precise balance with
a resolution of 10−4 g. In the capillary fluid uptake test, a Xenics IR
Camera (Gobi 384) was used with a high thermal resolution of 0.05 °C
at 30 °C to measure the wetted height while an electronic micro balance
(DCAT 11, DataPhysics) with a precision of 10−5 g was used for mass

measurements. The maximum uncertainties associated with the capil-
lary pumping force are computed as 6.2% and 4.6% for h-t and w-t
techniques, respectively. Associated uncertainty of permeability values
ranged from 8.5 to 10.4% and as each mass flow rate was tested three
times, the associated standard deviation ranged from 2.4 to 6.8% which
is within the uncertainty of permeability values.

4. Results and discussion

A 3D-printed wick is experimentally tested to evaluate its hydraulic
characteristics. The characterization procedure involved determining
two performance criteria: the permeability and capillary performance.
For the first criterion, the pressure drop versus flow velocity behavior in
the 3D-printed wick is evaluated in detail at different fluid velocities.
The well-known Darcy’s law and Forchheimer corrections are in-
troduced to define the permeability of the sample. Furthermore, the
transition from Darcy regime to Forchheimer regime is addressed based
on the ReK. The semi-empirical Kozeny–Carman equation, which is
often used to determine the permeability of porous structures for heat
pipes is presented and discussed. For the second criterion, capillary
performance, the experimental results of capillary rate-of-rise tests
employing w-t and h-t techniques are presented. The experimental data
from these techniques are evaluated through the Washburn’s equation,
h(t)∼ t1/2. The capillary rise dynamics of the sample is evaluated for
different working fluids in term of h/a ∼ (σt/µa)1/3 curves as well.
Capillary performance of the wick is evaluated and compared in terms
of K/reff for both w-t and h-t techniques. Finally, the wick properties and
capillary performance of the fabricated 3D-printed wick of this study is
compared to available porous structures for heat pipe devices in the
literature.

4.1. Permeability measurement using forced flow

The permeability (K) of the sample is evaluated according to (1)
using the described test facility and is summarized in Fig. 5. The ex-
periments are performed at varying mass flow rates from ∼0.4 to 4 g/s.
It is immediately evidenced that the fluid flow velocity affects the
permeability value. A relatively flat region of the permeability, located
near the low end of the range, marks the linear pressure drop flow
regime in which Darcy’s law holds. The value of permeability reaches a
relatively constant value of K=1.35×10−10 m2 at a maximum flow
velocity of approximately 0.07m/s (1.3 g/s). After this relatively con-
stant value, the permeability decreases. A possible explanation for the

Fig. 3. Forced liquid flow set-up to measure permeability of a 3D-printed porous structure.

Fig. 4. Experimental set-up used for the capillary penetration tests of a 3D-
printed porous structure.
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constant permeability values and the following decreasing values is
presented as follow. As the fluid velocity increases, the Darcy equation
fails to describe the pressure drop behavior. A quadratic term, referred
to as the Forchheimer or the form drag term, added to (1), captures the
effect of the force exerted by any solid surface on the fluid flow and its
resultant effect on the pressure drop, (2). Fig. 6 contains plots of the
pressure drop divided by the wick length and fluid velocity versus fluid
velocity. The pressure drop plotted according to this approach should
be linear according to (2):

P
Lv

α βvΔ = + (15)

Coefficients α and β are µ/K1 and ρ/K2, respectively. These values
are used to calculate the Darcyan and non-Darcyan permeability con-
stants K1 and K2, respectively, at flow velocities above 0.07m/s. Results
are given in Table 3. The viscous contribution is characterized by K1

taking into account the linear dependency with the flow rate. The

inertial contribution is described by K2 taking into account the quad-
ratic dependence with the flow rate. The plotted line has a slope of β.
When β is relatively equal to zero, it describes the pressure drop region
where the constant, 1/K2, is near zero and the pressure drop is governed
entirely by Darcy’s law. Darcyan flow regime is indeed observed at flow
speeds less than 0.07m/s. At flow velocities higher than this transi-
tional flow velocity value, the experimental data turns onto the fitted
line with a non-zero slope of β. The permeability is determined at
1.67×10−10 m2, which is about 19.4% higher than the average per-
meability based on Darcy’s law (v < 0.07m/s). The difference is due to
the form drag term in Forcheimer correction. Table 3 summarizes the
computed permeability coefficients according to the Darcyan and For-
cheimer expressions. It can be concluded that in this case neglecting the
Forchheimer term at flow velocities higher than 0.07m/s leads to about
20% error for computing permeability of the wick structure.

To characterize ReK, the values for permeability are computed ac-
cording to (1) and (2): K and K1. The dimensionless pressure drop (ψ)
versus the Reynolds number is considered for the transition regime
evaluation [71]:

ψ P
L

D
ρv

Δ
2=

(16)

Fig. 7 shows the variation of ψ versus ReK and ReK1 for the sample. It
should be noted is that the relation between the normalized pressure
drop and flow velocity is non-linear. Hence, it is important to determine
when the pressure drop across the wick leaves the linear Darcy regime.
By analysing the data according to Figs. 5 and 6, the transition takes
place at a flow velocity of 0.07m/s. This value corresponds to a Rey-
nolds number of 0.95 which is almost identical to the Reynolds number
of unity reported in the literature [47]. The corresponding error for
computing ReK neglecting the Forchheimer term at flow velocities
higher than 0.07m/s is about 12–29% from low to high velocities.

It is also important to compare the computed pressured drop values
with the available models and expressions in the literature. Usually,
satisfactory predictions can be obtained by Darcy’s law, which lumps all
complex interactions between the fluid and wick structure into per-
meability. In order to predict the permeability of a porous wick and to
compare with the experimental data, the well-known Kozeny–Carman
equation is widely used. For low Reynolds numbers (ReK < 1), the
Carman–Kozeny model, correlates permeability with porosity and pore
size, according to:

P
L

C ε
D ε

μvΔ (1 )2

2 3= −
(17)

and for high Reynolds numbers to take into account inertial effects
of the fluid, according to [72]

Fig. 5. Permeability (K) test results according to (1) for different mass flow
rates (ṁ).

Fig. 6. Pressure drop divided by the wick length and fluid velocities versus fluid
velocities as well as curve-fit constants according to (2).

Table 3
Computed K, K1 and K2 according to (1) and (2).

Permeability constant

Darcy permeability according
to (1)

Forchheimer permeability coefficients according to
(2)

K (m2) K1 (m2) K2 (m)
1.35× 10−10 1.67×10−10 5.03× 10−5 Fig. 7. Comparison of experimental dimensionless pressure drop (ψ) versus

Reynolds number (ReK and ReK1).

D. Jafari et al. Applied Thermal Engineering 143 (2018) 403–414

409



P
L

a ε
D ε

μv b ε
D ε

ρvΔ (1 ) 12

2 3 2 3
2= − + −

(18)

where C is a geometrical factor depending on properties of the wick
structure, and a=150 and b=1.75 are the original values of coeffi-
cients [72]. The C factor is unknown and usually its value is determined
experimentally. For a uniformly packed and a sintered porous media, C
values are commonly 122 [73], 150 [14] and 180 [36] or other much
larger values [39]. The difficulty with Kozeny-like models is that they
are derived for packed-bed media. Thus, it cannot accurately represent
the structure and flow through 3D-printed porous structures due to the
notably complexity of the structure and its roughness. Fig. 8 shows a
comparison between measured and predicted pressure drops per unit
length as a function of liquid velocity. The plot shows an increase in the
pressure drop with increasing liquid velocity, the variation between the
actual values and the different correlations is quite considerable. The
best agreement between measured and computed values is obtained
with the correlation of Kozeny–Carman with a C value of 122 for low
liquid velocities. However, at higher flow velocities, > 0.07m/s
(ReK= 0.95), under-prediction of experimental data is observed. Ac-
cording to (18) as indicated by the solid line, approximations are ob-
tained leading satisfactory correlation coefficients of a=105 and
b=0.9.

Herein, we aim to relate the results of the presented data to design a
3D-printed wick for heat pipe devices. In a saturated wick for a heat
pipe device, the liquid flow regime in the wick is assumed to be la-
minar, the momentum equations however can be extended to include
the Darcy and Forchheimer. Based on the results of this study it is
possible to state flow regimes and associated hydraulic characterization
of a 3D-printed wick structure. It is found that the transition regime
between the linear Darcy regime and when drag becomes important
(Forchheimer corrections) for the tested sample occurs at ReK=0.95,
which corresponds to a flow velocity of 0.07m/s based on the calcu-
lation of the permeability and form coefficient in this range. Therefore,
to design a 3D-printed wick, knowing the pore size and porosity, as well
as estimating flow velocity (v= q/ρhfg, where v is the fluid velocity, q is
the applied heat flux and hfg is the latent heat of vaporization) through
the heat pipe, the pressure drop can be obtained either by Darcyan or
non-Darcyan flow regime depending the Reynolds number. It is con-
cluded that √K is smaller than the pore diameter with an approximate
order of magnitude (10−3D): K=2.5×10−3D and
K1= 3.1×10−3D. As in heat pipe devices, flow through porous
structures is laminar and Darcy’s law is usually applied the permeability
of the tested sample is 1.35×10−10 m2 at a maximum flow velocity of
approximately 0.07m/s and ReK of 0.95. Bonnet et al. [74] showed that
this expression valid for laminar flow. Paiva and Mantelli [18] experi-
mentally and analytically evaluated a hybrid sintered metal powder

wick heat pipe and confirmed that the use of the Kozeny-Carman ex-
pression resulted in a considerable error while the best agreement was
found using the Forchheimer model. The Kozeny-like model, taking into
account inertial effects is updated in terms of constant values, which fit
with experimental data very well.

4.2. Capillary rate-of-rise test

In this subsection, the results of capillary rate-of-rise tests according
to w-t and h-t techniques are presented. Water, methanol, n-Hexane and
FC-72 are used for the w-t technique and n-Hexane and methanol are
used for the h-t technique. The properties of tested fluids are presented
in Table 4. It should be noted that to obtain the real wicking mass, the
de-wetting mass in attachment of an outer meniscus to the wick is
subtracted from the mass raw data, as the initial jump in mass refers to
both the wetting and wicking process.

4.2.1. Capillary rate-of-rise test: w-t technique versus h-t technique
Fig. 9 shows a sequence of IR thermal images of capillary rise in

which the liquid front is registered and the capillary rise height is ob-
tained. Fig. 10 shows the influence of the working fluid selection on the
capillary uptake rate for the w-t technique as well as the ratio of rise of
mass to its maximum mass over time. Fig. 10(a) shows that when the
wick sample is brought into contact with the working fluids, the
working fluids all rise very quickly at the early stage of the capillary
rising process. It is obvious that the mass rate decreases with time.
Fig. 10(b) shows that water, FC-72, n-Hexane and methanol reach 90%
of equilibrium at 6, 6.6, 14 and 20 s, respectively. High velocity in the
capillary pumping stage is due to the large permeability of the wick
sample and the fact that the friction resistance of the working fluid flow
is small, both resulting in a fast rise of fluid. From the driving force
point of view, capillary pumping is associated with the surface tension
of the working fluid: the larger the surface tension, the larger the ca-
pillary pumping. On the other hand, from the resistance aspect, a
smaller liquid viscosity and larger density, result in smaller friction
resistance when liquid passes through the porous media. Comprising
FC-72, n-Hexane and methanol: the viscosity of FC-72 is higher than
n-Hexane and methanol; however, its density is more than two times
that of n-Hexane and methanol. Large capillary pumping is likely due to
higher density. Also comparing FC-72 and water: water has a larger
surface tension and viscosity, showing higher capillary pumping.

A similar observation is obtained from the h-t technique. Fig. 11
shows the capillary rate-or-rise height as a function of time for two
types of fluids: n-Hexane and methanol. Both have a similar theoretical
capillary length, (σ/ρg)1/2, 1.67mm for methanol and 1.68mm for
n-Hexane, n-Hexane however has smaller viscosity. Moreover, n-
Hexane features a near zero contact angle with respect to the wick
material. When the sample first makes contact with the liquid, a rapid
rise can be seen. This is due to fact that the capillary force is much
larger than the flow resistance and the gravity effect, so the wetted
height in the wick shows a fast rising velocity. After the initial stage, the
capillary rise of liquid in the sample slows down for both fluids similar
to that of the w-t technique. Despite these fluids having a similar the-
oretical capillary length, n-Hexane exhibits a quicker capillary rise. This
may result from the fact that n-Hexane has a smaller viscosity than

Fig. 8. Experimentally measured and predicted pressure drop from the litera-
ture.

Table 4
Values of surface tension (σ), density (ρ) and dynamic viscosity (μ) of tested
fluids and their capillary length: Ca=(σ/ ρg)1/2.

Fluid σ
10−3 (N/m)

ρ
(kg/m3)

μ
10−3 (Pa s)

Ca
(mm)

Water 72.0 997 0.89 2.7
Methanol 21.4 777 0.47 1.67
FC-72 12.0 1680 0.64 0.79
n-Hexane 18.4 600 0.30 1.68
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methanol. Based on the h-t technique, the 90% of equilibrium height is
obtained at 12.9 and 18.8 s for n-Hexane and methanol, respectively.
This shows a relatively good agreement between equilibrium rise based
on height and mass techniques, mentioned above, 14 and 20 s, re-
spectively. The equilibrium height for a grooved wick with acetone as
working fluid was reported at 10 s [9] while for a sintered porous wick
with ethanol as working fluid failed to reach the equilibrium height
even after 120 s [56]. The capillary pumping results of the 3D-printed
wick are comparable to grooved wick structures while a better capillary
pumping compared to sintered wicks is obtained due to lower flow
resistance.

4.2.2. Capillary rise dynamic evaluation
In order to characterize the capillary rise dynamics of the 3D-

printed wick, the presented data from w-t technique according to
Fig. 10 are normalized in Fig. 12, as h/a ∼ (σt/µa)1/3 curves. It can be
seen that the experimental results in the intermediate stage approxi-
mately 1–6 s of the capillary rise processes can be very well fitted by

linear curves, as predicted by (10), except for FC-72 in which case 1–3 s
is used for curve fitting. This is likely due to fact that FC-72 shows high
capillary rise compared to other fluids and the equilibrium height for
water, n-Hexane and methanol is up to the top edge of the sample,
however, for FC-72 the top is almost 20% of the sample height, re-
marking the effect of gravity as FC-72 has the largest density.

The capillary penetration the sample can be well governed by h(t)∼
t1/3. The deviations of the linear fitting are found to be as 2.8%, 2.6%,
5.5% and 1.5% for water, n-Hexane, FC-72 and methanol, respectively.
This behaviour differs significantly from the classic Washburn expres-
sion h(t)∼ t1/2. There is a small gap between the curves for all working
fluids in which they do not collapse very well in a single line; however,
they have a similar slope as evidenced in Table 5. Different findings

Fig. 9. Example of IR images of capillary rise during the capillary rise test.

Fig. 10. Liquid mass increase in porous structure as a function of time (a) and
ratio of mass rise to maximum mass over time for different working fluid (b).

Fig. 11. Liquid height increase in porous structure as a function of time for n-
Hexane and methanol. The gap in recording height is due to the sample holder.

Fig. 12. Evolution of capillary rise dynamic as a function of h/a∼ (σt/µa)1/3
for different working fluid. The equilibrium height is obtained based on w-t
experiments.
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available in the literature applying the h(t)∼ t1/3 -expression. Previous
studies showed that the curves can be collapsed in a single line using
different geometries [61,75] or there is a gap between the curves as
well as different slopes using different wicks and working fluids [62]. A
reason for the discrepancy of results attributes to different contact an-
gles formed between wick material and different working fluids, which
is not taken into account by this model since complete wetting is as-
sumed. However, we observe that the difference of the contact angle
between different liquids and wick material is negligible on the capil-
lary penetration at the intermediate stage. As evidenced from Fig. 12,
except for the aforementioned period of capillary rise, the deviations
from linear fitting are observed in the long-time stage (approximately
after 6 s for water, methanol and n-Hexane and after 3 s for FC-72).
Besides, Fig. 12 shows that in the long time stage, the rising velocity
decreases due to the increasing gravitational resistance. The capillary
rising cannot follow the h/a ∼ (rσ/µa)1/3 expression anymore. To
characterize the initial stage 0.2–1 s, first, we evaluated the validity of
the simplified Washburn expression (11) to characterize the capillary
rate-of-rise for the selected set of working fluids: h2∼ time and
m2∼ versus time. A regime that corresponds to the phenomenon
leading to the Washburn results, i.e., a regime in which inertia and
gravity may be neglected, was not identified. Therefore, this model is
not accurate for our system. This is likely because of the large pore size.
As reported in the literature the application of Washburn's equation is
more suited for pore sizes (< 150 μm) [50], while in this study pore
sizes are almost 216 µm.

It is concluded the working fluid shows negligible effects on the h
(t)∼ t1/3 – expression in the intermediate stage of capillary rise,
whereas it plays an important role on the initial and long-time stage.
Observation confirms that the gravitational effect played a significant
role in the 3D-printed wick, introducing slower capillary rising.
Therefore, in the following section the effect of gravity is considered in
the capillary performance evaluation.

4.2.3. Capillary performance evaluation in terms of K/reff
Based on (10) which includes the effect of gravity, the relation be-

tween dm/dt and 1/m, and corresponding dh/dt and 1/h, are evaluated to
compute the linear fitting. It is found that for all tests, the linear fit mat-
ched the early stages of rising accurately. The corresponding capillary
performance parameters are listed in Table 6. The maximum relative de-
viation of K/reff for the different fluids included in our study was about
12.6% for w-t technique and 16% for h-t technique. Since the parameter
K/reff characterizes the capillary performance of wicks without considering
the surface tension of the working liquid, this parameter should be nearly

constant. A reason may be the different contact angles formed between the
working liquids and the wick material: a lower contact angle decreases the
effective pore radius. The contact angle is not taken into account in the
applied correlation. As described in Section 4.2.2, the difference in contact
angle between different liquids and wick material is negligible on the
capillary penetration in the intermediate stage; however, it was shown
that the difference in contact angle plays an important role on the initial
stage of capillary rising.

In order to show that the results of the w-t and h-t techniques are
equivalent, the capillary performance obtained from both techniques is
summarized in Table 6 as well. As evidenced, K/reff obtained from the
w-t technique is comparable but slightly lower than obtained from the
h-t technique for both methanol and n-Hexane. The relative deviation of
K/reff for w-t and h-t tests is as high as 6.5% and 7.5% for methanol and
n-Hexane, respectively. Such differences can be attributed to experi-
mental parameters and noise. Moreover, another reason could be due to
fact that the pores with the larger diameter fill more quickly. Fluid
uptake by the larger pores is observed with the h-t technique, whereas
penetration into smaller pores at the same height occurs later. This is
confirmed in Fig. 13 in which the equilibrium height based on w-t and
h-t techniques is shown. The equilibrium height is observed at 18 s and
27.5 s for n-Hexane and methanol based on h-t technique while 45 s and
48 s based on w-t technique, respectively. We can conclude that despite
there is a difference between computed mass and height rises over time,
measurement of both experimental techniques are equivalent at early
stage of operation to characterize the capillary performance of 3D-
printed wicks, as the relative deviation error is 6.5–7.5%.

From capillary rate-of-rise-tests, it is concluded that the capillary
penetration of liquids in the 3D-printed wick follows the expression: h
(t)/a ∼ (σt/µa)1/3 at intermediate stage. Different working fluids show
negligible effect in the intermediate stage; however, they do play an
important role in the initial stage of capillary rising. Results from this
study can be applied for relatively large pore sizes, however, to examine
dependences between pore size and size distribution, a systematically
3D-printed porous structure with different pore sizes is suggested. It is
also concluded that the capillary performance of a 3D-printed wick
structure should be determined by integrating the gravity effect. The
well-known Washburn’s equation cannot characterize the capillary
rate-of-rise processes, as a linear match was not observed. Similar re-
sults are obtained by [56], which tested a sintered porous structure
with different particle sizes (< 50, 50–75, 75–110 and 110–150 µm).

4.3. Performance of the fabricated porous structure for two-phase devices

In this section, we compare the wick properties, effective pore

Table 5
Fitting parameters according to Fig. 12 for capillary rise expression of h/a
∼ (σt/µa)1/3.

Fluid Slope Error (%)

Water 0.235 2.8
Methanol 0.245 1.5
FC-72 0.211 5.5
n-Hexane 0.244 2.6

Table 6
Capillary performance measurement with regard to dm/dt and 1/m and dh/dt
and 1/h.

w-t test h-t test Relative deviation of K/reff for w-t and h-t
tests

K/reff (μm) K/reff (μm)
Water 1.044 –
Methanol 1.078 1.18 6.5%
n-Hexane 0.84 0.93 7.5%
FC-72 0.939 –

Fig. 13. Comparison of equilibrium height obtained based on h-t and w-t
techniques.
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radius and capillary performance of the 3D-printed wick structure with
other porous structures for heat pipe applications reported in the lit-
erature, shown in Table 7. In this light, K/reff is used to evaluate the
capillary performance of wick structures. It is shown that √K is smaller
than the effective pore radius with an approximate order of magnitude
10−2reff for sintered metal wicks, 10−1reff for grooved wicks and
10−3reff for screen mesh wicks. The 3D-printed wick of this study
showed comparable and the same order of magnitude to that of screen
mesh wicks 10−3reff while showing around 4 times greater capillary
performance. As shown in Table 7, the capillary performance parameter
(K/reff) of the 3D-printed wick in this study is 1–6 times greater larger
than that of sintered and composite porous structure. This is due to the
larger permeability and smaller friction resistance. Compared to the
grooved wick structure, the 3D-printed wick of this study shows two
order of magnitudes lower capillary performance, due to large perme-
ability of grooved wicks.

Due to a lack of research on additively manufactured porous
structures for heat pipe applications, little data was available to com-
pare the presented experimental data of the current study with other
3D-printed wick structures [33,34]. Ameli et al. [34], e.g., showed a
relatively similar permeability of 1.12–1.52×10−10 m2 for a 3D-
printed wick structure with nearly identical spherical powder size and
unit cell size. Esarte et al. [33] tested a 3D-printed wick with lower pore
sizes, ranging between 70 and 90 µm, and showed lower values of
permeability around 1.25×10−12 m2. They showed that after 1 s using
methanol as working fluid a height rise of around 19mm. We observed
a relatively equal height rise (about 18.5mm) with a porous structure
having higher pore size. From this comparison, it can be concluded that
apart from the pore size of additively manufactured porous structures, a
sinter-style layer formed on the surface of the wick and feature size can
influence its capillary performance.

In summary, it can be concluded that because of its large perme-
ability and K/reff, the performance in conjunction with a 3D-printed
wick can significantly augment heat transfer. Moreover, the 3D-printing
process allows for fabricating of the wick structure in a non-uniform
way. 3D-printed wicks appear to be a promising alternative to standard
wicks for heat pipes: the example discussed in this paper shows higher
capillary performance compared to sintered wicks, by which it in-
creases the capillary limit of heat pipes.

5. Conclusions

This work examined the wicking behaviour of a 3D-printed stainless
steel porous structure. Key design parameters of porous structures for

heat pipe applications were discussed including porosity (ε), perme-
ability (K), effective pore radius (reff) capillary pumping head (h), ca-
pillary pumping mass (m) and capillary performance (K/reff). These and
other quantities were investigated experimentally, highlighting the role
of the working fluid. Permeability of the wick was determined by forced
liquid flow tests. The capillary pumping performance of the wick was
characterized by capillary rate-of-rise experiments using w-t and h-t
techniques. The main conclusions can be listed as follows:

• It was found that the transition regime between the linear Darcy
regime and when drag becomes important for the tested sample
occurs in a ReK of 0.95 which corresponds to a flow velocity of
0.07m/s based on the permeability and form coefficient in this
range.

• The measured permeability, according to Darcy’s law, was found to
be in close agreement at low liquid velocities (up to 0.07m/s) with
predictions considering Kozeny–Carman correlation with a C value
of 122. The Kozeny-like model, taking into account inertial effects,
is updated in terms of constant values, which fit with experimental
data very well for both low and high velocities.

• Observation confirms that the gravitational effect, introducing
slower capillary rising, played a significant role in the 3D-printed
wick. The well-known Washburn’s equation (h∼ t1/2) cannot char-
acterize the capillary rate-of-rise processes.

• The capillary rise dynamics of the 3D-printed wick was evaluated
for different working fluids in terms of h/a ∼ (σt/µa)1/3 curves. It
was concluded that the working fluid shows negligible effects on the
h(t)∼ t1/3 – law in the intermediate stage of capillary rise, whereas
it plays an important role on the initial and long-time stage.

• The SLM-fabricated wick of this study was compared to literature
wick properties. It is concluded that due to large permeability and
K/reff of the 3D-printed wick, the performance of a 3D-printed heat
pipe can significantly augment heat transfer.

In conclusion, the present study establishes a range of experimental
methods with which the capillary performance of a 3D-printed porous
structure can be quantified reliably. Moreover, the validity of theore-
tical predictions of single-phase properties was put in perspective.
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