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Abstract

The search for new techniques to increase boiling heat transfer has been driven by more
efficient and compact heat exchangers, especially in microelectronics and equipment
with high thermal loads. Two-phase cooling systems are a promising thermal
management technology for high-heat dissipation. In this context, the present study
investigated the performance of modified heating surfaces consisting of metal foams of
nickel (Ni) and copper (Cu). Pool boiling tests were performed using HFE-7100 as
working fluid, at saturation conditions. The metal foams surfaces provided a higher heat
transfer coefficient compared to plain surfaces and prevented thermal overshoot at the
onset nucleate boiling. The Cu foam provided the best performance for the entire
boiling curve. In general, for low and moderated heat fluxes, there is a combined effect
of surface area and thermal conductivity of foams; the high surface area of Ni foam
provides a barrier for the departure of the vapor bubble, inhibiting the cooling effect of
the heating surface. For the Cu foam, no significant vapor trapped effect was observed,
and the highest heat transfer coefficient was 12.4 kW/m>K for a heat flux around 270
kW/mz2; in addition, the thermal behavior is a function of the permeability and

wickabillity behaviors of the surfaces.

Nomenclature

Alphabetic

ass Area density [m?*/m’]
b Exponent relative to roughness effects

Cp Specific heat capacity [J/kg K]
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Cyr Surface-fluid coefficient

Dy Bubble departure diameter

dr Fiber diameter

dh Liquid column variation

d, Pore diameter

F Inertia coefficient

S Heat surface material parameter

h Heat transfer coefficient

k Thermal conductivity

Kfoam Foam effective thermal conductivity

kcu Copper thermal conductivity

Knar Foam material thermal conductivity

K Permeability

L Copper block distances

Ly Characteristic length

L. Corrected fin/foam length

M Molar mass

- Exponent of heat flux in Eq.(17); fin/foam
efficiency coefficient in Eq.(19) and Eq.(20)

m Mass flow rate

n Stephan exponent

P Pressure

Pr Prandtl number

Dr Reduced pressure

q "measurea  Heat flux measured at the copper block

R, Average roughness

R, Maximum peak height of surface roughness

s Gap size

S Square cross section area

1% Wicked volume

T Temperature

t Time

u Uncertainty

u Fluid velocity

Greek symbols

0 Foam thickness

AT Temperature difference

e Porosity

Nfin Pin-fin efficiency

Nfoam Foam efficiency

0 Static contact angle

u Dynamic viscosity

p Density

o Surface tension

Subscripts

1, 2, or 3  Thermocouples position

air Air properties

atm Atmospheric condition

[kg/kmol]

[kg/s]
[-]
[Pa]
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[ or lig Liquid

s Surface square cross section
sat Saturated state

vap Vapor

w Surface wall

1. Introduction

Efficient thermal management solutions are crucial to maintaining new electronic
devices within the operating temperature limits [1]. Thermal management systems
based on phase change such as pool and flow boiling, jet impingement, and sprays
cooling are promising solutions to attend such high power dissipation needs [2].

Pool boiling heat transfer with the cooling device contacting directly the coolant
eliminates the contact resistance associated to a significant temperature jump between
the heat sink and the cooled device. However, such solution demands fluids with low
electric conductivity, e.g., water cannot be used. In this way, the fluorochemical fluids
as fluorocarbons (FC-72, FC-82) and hydrofluoroether (HFE-7100, HFE-7200, HFE-
7300) become suitable solutions due to their dielectric and inert properties; moreover,
they are stable, nonflammable, and non-reactive, i.e., chemically compatible [3].
Besides, FC-72 and HFE-7100 present a low boiling point (T~ 60 °C at 1 atm) to
maintain the electronic components at low operating temperatures, <85 °C [4].
Additionally, the hydrofluoroether fluid, HFE-7100 for instance, possess superior
environmental properties (ozone depleting potential, ODP =0; global warming
potential, GWP1oo = 320) [5]. Finally, fluorochemical fluids are high wetting liquids,
what suppress nucleate boiling and highlights the demand for engineered surfaces in
order to keep high heat transfer rates.

In this context, several combinations of liquid-surface operating under pool boiling
conditions were evaluated and are summarized in the broad literature review presented
by Shojaeian and Kosar [6]. Among the techniques presented in this study, engineering
the surface morphology was one of the methods commonly used to enhance the heat
transfer coefficient (HTC) and the critical heat flux (CHF). Such goals can be achieved
by coating the surface with metal foams (high porosity surfaces) in order to create a
porous structure that allows fluid inflow to keep nucleation sites active and protrusions
that enlarge the boiling surface area [7, 8].

El-Genk and Parker [9] investigated pool boiling of HFE-7100 on a graphite foam
with porosity € = 60%, under saturation conditions. At high heat fluxes, they observed
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for the porous surface a reduction around 9 K of the wall superheating compared to the
plain surface. In addition, the temperature wall overshoot at the incipient boiling was
not observed. Xu et al. [10] used acetone as working fluid on copper foam (g > 88%)
with three different porous densities (porous per inch, PPI): 30, 60, and 90. For all
foams configurations, the wall temperature excursion at boiling incipience was
negligible. The authors associated the HTC enhancement to the higher liquid contact
area, higher density of active sites, and capillary-assist liquid flow towards foam cells.
Yang et al. [11] used the same surfaces and experimental methodology of Xu et al. [10]
for water as working fluid. Based on the results of both studies, Yang et al. [11] pointed
out that the HTC enhancement on the metal foams depends on the balance between the
liquid suction capability towards the porous structure and the vapor release resistance to
the bulk liquid. Xu and Zhao [12] investigated saturated pool boiling heat transfer of
deionized (DI) water on a copper foam surface with V-shape grooves. They reported
that large foam thickness offers high surface areas, however creates considerable flow
resistance to the bubble scape. In this sense, grooves in the foam structure could help
the vapor bubbles escape. Recently, Zhou et al. [8] investigated copper foams (with 10,
50, and 110 PPI) with pore density gradient in their structure and using water with and
without n-butanol solution at 6 wt.% as working fluid. According to their results, the
metal foams increase the HTC performance due to the increase of porous density for
both fluids tested. In addition, for high heat fluxes, the surface tension of the n-butanol
solution within the porous matrix decreases due to the increase of its concentration.
Therefore, the bubble departure diameter is also reduced, allowing the vapor bubbles
release. In the other hand, for water without n-butanol solution the gradient structure
seems to present less effect on the HTC enhancement due to the foam caging effect.
Wong and Leong [7] printed a homogeneous metal foam structure by using Selective
Laser Melting (SLM) in order to study the effect of porous diameter and foam thickness
on pool boiling of FC-72. They concluded that porous structures increase the bubble
nucleation site density due to the larger surface area and capillary-assisted liquid suction
which improves liquid replenishment; however, a larger surface area corresponds to an
increase in the form drag and, consequently, in the bubble evacuation resistance. The
bubble evacuation resistance increases for higher heat fluxes, structure height and for
smaller unit cell sizes. Doretti et al. [13] carried out tests for aluminum foams (¢ =
92%), 10 mm thick and porous densities of 5, 10, and 40 PPI. The boiling curves for the

surfaces covered with foam presented remarkably lower wall superheating compared to
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the plain surface. Moreover, 10 PPl and 40 PPl foams exhibited the same behavior,
which was slightly different from that for 5 PPI. In the case of 5 PPI and for the range
of experimental conditions evaluated by them, the HTC increased continuously while
for 10 PPI and 40 PPI the HTC increased according to an almost constant gradient until
a heat flux of 500 kW/mz2. Then, for heat fluxes higher than this value, the gradient of
the heat transfer coefficient is significantly reduced. At low heat fluxes, the vapor
bubbles are small and can easily escape from the foam. As the heat flux increases, the
bubbles size grow, experiencing larger flow resistance through the porous layer: the
highest the PPI, the largest flow resistance.

In this paper, the results of an experimental investigation concerning pool boiling of
HFE-7100 on metal foams of copper (Cu) and nickel (Ni) are presented. The present
work aims to: (i) provide literature with new heat transfer data; (ii) understand the vapor
bubble dynamics associated to the heat transfer performance based on simultaneous
high-speed filming and heat transfer coefficient measurements; (iii) and provide new
insights to the development of new heat transfer enhancement surfaces operating with

fluorochemical fluids.

2. Foams parameters

The porous surfaces used in the present study were purchased from Nanoshel® in
500 x 500 mm? panels. They are open cell metal foam, with 3 mm thick, fabricated by
using metal deposition in a cellular preform as detailed by Ashby et al. [14] and Bahart
[15]. They were cut in 16 x 16 mm? panels by using a wire electrical discharge
machining (wire-EDM).

Their porosity (¢) was evaluated by weighting seven samples with the same size in an
analytical balance and comparing the foam weight with that of a solid sample with an
equivalent volume (16 x 16 x 3 mmg3). Moreover, the following methods were used to
characterize the metal foams: (i) optical images by using a stereo microscopy Zeiss®
SteREO Discovery.V8 and scanning electron microscopy (SEM) by using an EVO
LS15 Zeiss®, Tab. 1; (ii) microcomputer tomography (UCT) by using a Skycan 1272 at
a resolution of 15 pum (100 kV X-ray source voltage); (iii) permeability based on air
flow through the foam; and (iv) wickability based the wicked volume in a capillary tube
(1 mm diameter), Tab. 3. The implementation of these two last methods is described in

items 2.1 and 2.2, respectively.
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Table 1. Metal foams Stereo and SEM images.

Material

SEM (fiber cross section)

7
|

Cu

Ni

The numbers of pores per inch (PPI) also is a parameter that influences the heat
transfer. This parameter was measured as proposed by Athreya et al. [16] and Zhu et al.
[17]. In order to perform the PPl measurements by using the Stereo images, seven lines
in each direction — horizontal and vertical, were traced and the number of porous
intercepted by the lines was counted; so, an average yields the PPl of the open cell
metal foam. For Cu and Ni open cell metal foam, the average PPI values were 31.75 and
62.72, respectively. Moreover, the uCT images were used for measuring the foam
porous diameter and fibers diameters (d, and ds, respectively), and area density (as).
First, the uCT virtual slices were input in the Imoph software [18] in order to measure
the surface granulometry by using the aperture map of both phases (solid and porous) as
explained by Vicente et al. [19]. Figure 1 shows the histogram and the normal
distribution that allows defining a mean pore diameter for each foam sample. Next, the
UCT virtual slices were input in the vmtk® software to measure the area density. vmtk®
uses ‘marching cubes’ algorithm to extract interfaces between the porous and solid
phases, creating a polygonal mesh surface (see Figure 2). In order to distinguish the two
phases, a grayscale threshold value was selected such that the porosity of the
reconstructed 3D volume matched with the measured foam porosity (Table 1) as
explained by Sarangi et al. [20]. After setting the correct gray scale, the area density was
obtained by the ratio between the surface solid area (foam area) and its total volume
(solid volume + porous volume). The results of & dp, dr, with the respective standard

deviation according to a confidence interval of 95%, and a are given in Table 2.
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Figure 1. Pore diameter distribution: (a) Cu foam; (b) Ni foam.

(@) (b)
Figure 2. Rendered tridimensional surfaces: (a) Cu foam; (b) Ni foam.

Table 2. Metals foams characteristics.

Weight Foam density ~ Relative e dp ds Agf

Material =, 1x109) (kg/m3)  density'(%) (%) (mm) (mm)  (m/m)

Cu 0.697 £0.022 908.1+28.63 10.0+0.32 90.0+0.32 0.52+0.22 0.09+0.04 2166
Ni 0.106 +0.010 138.0+14.12 16+0.15 984+0.15 0.22+0.10 0.04+0.02 5133

TPure material density: pc, = 8960 kg/m3; pyi = 8900 kg/m3 [21].

2.1 Foams permeability

The permeability (K) is a foam characteristic associated to the capacity of flow
conductance through a porous media and is expressed in m?. According to Macin et al.
[22] the foam permeability can be obtained from Forchheimer—Darcy equation, re-
written in this text as follows:
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where u is the fluid velocity at the inlet of the foam (based on the cross section of the

empty structure, S),

u

()

and F is the dimensionless inertia coefficient. Moreover, pr is the air dynamic viscosity
and, pair, the air density (both have been evaluated at the inlet). The air density was
calculated by using the equation of state for an ideal gas - by considering the values of
the pressure and temperature in the upstream flow - while the air dynamic viscosity was

calculated by using the equation used by Gasche et al. [23], as follows,
Ugir = (0.872 4+ 7.029 x 1072 T —3.81 x 1075 - T?) x 107° (3)

In the present study, as presented by Macin et al. [22], the test facility schematically
illustrated in Fig. 3 was built in order to evaluate the variation of the pressure drop
gradient with the air flow velocity, and, then, from the curve given by Eq. (1), to extract
the foams permeability.

The experimental tests were carried out using air from a reservoir containing
compressed air at 9 bar. The mass flow rate was controlled by a needle valve and
measured through a Coriolis mass flow meter (Rheonik RHM 04) with operating range
of 5.0 kg/min and maximum uncertainty equal to + 0.2% of the reading. A differential
transducer with a measurement range from 0 to 0.1 bar (error of 0.1% of the full scale,
FS) was used to measure the pressure drop across the foam surface. A barometer with
0.05 kPa resolution measured the atmospheric pressure. The upstream pressure was
evaluated by gauge pressure transducer with 1 bar FS and uncertainty of £ 0.1% FS. A
PT100 sensor (as part of the Coriolis mass flow meter) measured the temperature of the
flow [23]. Figure 4a and 4b show the variation of the pressure drop gradient and the
product of the pressure drop gradient and (1/u) with the air velocity.

TP

Tow

Coriolis Test section Outlet
mass flow meter Atmosphere

Inlet
Compressed air resevoir
P =9 bar

A

Figure 3. Layout of the experimental apparatus for permeability measurements.
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Figure 4. Permeability tests: (a) Experimental pressure gradient and (b) Regression

analysis.

From the linear curves (Fig. 4b) it was possible to calculate the permeability for both
metal foams. It was obtained K equal to 0.66 x 107 +0.43 x 107 m? and 0.15 x 10
" +0.005 x 10" m% and, F equal to 0.275 + 0.091 and 0.136 + 0.003 for Cu foam and Ni
foam, respectively. As expected, the Cu foam presents a higher permeability due to the

larger pore diameter than the Ni foam.

2.2 Metal foams capillary wicking

In the present study, the foam capillary wicking behavior was evaluated for HFE-
7100 since authors [7, 10, 11, 13] associated the heat transfer enhancement provided by
the foam to capillary wicking effect. Ahn et al. [24], Rahman et al. [25], Cao et al. [26,
27] carried out capillary-wicking test where the porous surface is slowly raised to
contact a pendant fluid droplet attached to a small diameter capillary tube. As the
surface contacts the liquid droplet, the fluid is wicked into the porous structure and the
volumetric flow rate is measured by monitoring the liquid meniscus in the tube.

The experimental layout is shown in Fig. 5 where the capillary tube had 1 mm in
diameter. The z-axis raised the surface up to it touches the tube while the high-speed
camera recorded the meniscus displacement. After that, tracking image software was
used to measure the liquid column variation inside the capillary tube and, then, the
volume wicked was calculated. Table 3 shows the volume wicked by the surface at the

first 50 milliseconds.
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Figure 5. Schematic of the experimental device used for the wickability measurements.

One may observe that the Cu foam showed the best capillary wicking behavior with
a total volume of 1.4 uL absorbed during the first 50 miliseconds while the Ni foam
absorbed 0.84 pL. The plain surface showed the worst wicking result of 0.51 pL.
According to Xu et al. [10], foams with small pore size present a large capability of
pumping liquid due to their higher capillary pressure (2¢/d,). Thus, according to this
hypothesis, it was expected a higher wickability for the Ni foam. However, the fact that
the Ni foam presents a higher contact area with the liquid, increasing the flow friction,
seems to explain the higher wickability of the Cu foam. Wu et al. [28] reported similar
result, where surfaces with small pores could facilitate the liquid wicking, while the
surface irregularities could inhibit the liquid spreading as compared to surfaces with a
larger number of micro-pores and microstructures (which assists the liquid spreading

and wicking).

Table 3. Metal foams capillary wicking.
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3. Experimental facility and data reduction

3.1 Experimental facility

The pool boiling tests were performed in the apparatus shown in Fig. 6, which
consists of a rectangular vessel (120 x 100 x 200 mm®) made of glass with wall
thickness of 5 mm. The upper and lower bases consisted of two stainless steel plates,
200 x 200 x 10 mm3. The required tightness was obtained with nitrile rubber and
silicone; additionally, screws were passed though the upper and bottom stainless steel
plate in order to press the glass box against the nitrile rubber. Water from a thermal bath
circulated through a cooling coil, located at the top of the boiling chamber. This heat
exchanger was used to condensate the vapor generated by the heaters and to control the
saturation pressure inside the vessel. An auxiliary heater — a cartridge resistance with a
maximum power of 250 W at 220 V — submerged in the working fluid was used to
maintain the liquid temperature near the saturation state. This heater was powered
through a variable transformer. Two K-type thermocouples, Tiq and Tyap, located in the
liquid and vapor regions of the vessel, respectively, were used to monitor the test fluid
temperature. An absolute pressure transducer Omega PXM309-2A measured the
pressure inside the boiling chamber. The experiments were performed under conditions
close to the local atmospheric pressure, pam = 98 kPa. The pressure uncertainty,
according to the calibration curve, is £ 0.05 kPa.
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The test section, illustrated in Fig. 7, consisted of a copper piece with a square plate
on the upper surface (16 x 16 x 3 mm®) of the copper cylinder. The test section was
machined from a unique copper piece in order to avoid thermal contact resistances
among its components. Three K-type thermocouples (T, T2, and T3) with hot junction
diameters of 0.5 mm were embedded within the cylinder. The thermocouple junctions
were fixed at the center axis at the end of radial holes (1 mm diameter), machined in the
cylinder. After positioning the thermocouple in the cylinder, the holes were filled with
copper powder in order to ensure low contact resistance and avoid empty spaces, which
could affect the temperature field in the copper piece. This cylinder is fixed on a second
copper block containing a heater cartridge with a maximum power of 300 W at 220 V
responsible for heating the test section. This resistance is powered by a variable DC
power source. The test section was thermally insulated from the environment by a radial
polytetrafluoroethylene (PTFE) layer with 30 mm thick.

Figure 6. Pool boiling apparatus: (1) cooper block; (2) auxiliary heater; (3) pressure
transducer; (4) vacuum/feed valve; (5) cooling coil; (6) glass chamber; (7) stainless steel

plate.
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Figure 7. Distance between the thermocouples and the surface in contact with the

working fluid.

The tests were performed using HFE-7100 (3M™ Novec™) as working fluid at a
saturation pressure of 98 + 1 kPa. Results for a plain surface (R = 0.14 um, Fig. 8a)
polished according to procedure presented by Manetti et al. [29] was used as reference.
To prevent the natural parasite sites at the interface between the PTFE piece and the test
section surface, two-component epoxy resin was used to fill the gap as shown in Fig. 8a.
The metal foams with a thickness (6) of 3 mm (Figs. 8b and c) were welded on the
copper block using tin-lead (0.1 mm thick) as solder, in order to ensure a low thermal
resistance between the foam and the test section.

(@) (b) (b)
Figure 8. Heating surfaces: (a) plain; (b) Cu foam; and (c) Ni foam.

Before charging the vessel with the HFE-7100, the boiling chamber was evacuated
until an absolute pressure of 10 kPa. Then, the chamber was feed with the working
fluid. Before each series of tests, to eliminate non-condensable gases dissolved in the
refrigerant, the auxiliary heater was powered and the working fluid boiled during a

period of one hour.
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The test conditions were adjusted by monitoring the pressure and the temperature
inside the boiling chamber. For each metal foam test, the experiment was carried out at
least twice under similar conditions to ensure that the results were repeatable.

A data acquisition system (Agilent 34970A) was used to acquire all the data signals
(power, pressure, and temperature) and, then, they were registered in a personal
computer using the Agilent Benchlink Data Logger.

The heating effect was imposed by increasing the electrical power according to heat
flux steps of 10 kW/m2 until a condition close to the CHF corresponding to a maximum
footprint heat flux of 375 kW/m2. Data were recorded for each heat flux step after the
establishment of steady state conditions, characterized by variations in the measured
temperatures within the uncertainty of their measurements (x 0.3 °C). At least 100 data

points were recorded, corresponding to 500 seconds of steady state.

3.2 Data regression procedure and uncertainties estimation

Figure 9 shows the temperature profiles along the copper cylinder central axis based
on the measurements of the thermocouples T1, T2 and T3 for different heat fluxes.
According to this figure, linear curves fitting with R-square higher than 0.99 are
obtained. Therefore, the assumption of negligible heat losses in the radial direction
seems reasonable, as previously reported by Wu et al. [28] and Kiyomura et al. [30].
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Figure 9. Verification of the one-dimensional Fourier law at the circular cross section
(solid lines) and linear temperature profiles used to estimate the wall temperatures at the

square cross section (dotted lines).
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Thus, the heat flux was estimated based on the Fourrier law considering the

thermocouples T1 to T3 as follows:

" L AT ()
Ameasured 4 cu L13

where L;3 and AT;3 are the distance from the thermocouples 1 to 3 and the temperature
difference between them equal to 12 mm, as shown in Fig. 7.

The HTC was calculated by using the Newton's law of cooling given by:

q;rlleasured q;rlleasured
- _ (5)
Tw — Tsar Pint) ATsqr
where Tsat(pint) corresponds to the saturation temperature of the HFE-7100 at the

pressure inside de boiling chamber estimated as follows [5]:

3641.9
In Py, (at Pascal) = — T.(at Kelvin) +22.415 (6)
sa

and T, is the surface wall temperature also estimated according to Fourier's law and

given as follows:

qH 4 qll
Tw — T1 _ me]:sured . _Lls _ melézsured . st (7)
Cu T cu

where the second term in the right-hand side is associated to the linear temperature
profile at the end of circular section (Lis =5 mm) and the third term is associated to the
linear temperature profile along the square section (Lsy = 3 mm) as shown Fig. 7.

The experimental uncertainties (u) were calculated by using the method described by
Moffat [31] where the uncertainty in the result R is a function of the independent

variables X; as follow:

N

2

n
OR

i

Therefore, the relative uncertainty for the heat flux between the thermocouples 3 and

1 was given by:
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where the uncertainty of the K-type thermocouples was + 0.3 °C (corresponds to the

thermocouples uncertainties after the calibration); the uncertainty of the thermocouple

junction position was £ 0.03 mm, and the wall superheating uncertainty was given by:

2
u — |2 n —(4/m) - Lys — Lgy u
= "
ATsat T1—Tsat Ameasured

kCu
" 2 " 211/2 (10)
<_(4'/7T) " Ameasured > <Qmeasured >
+ uLls + | — uLSW
kcy keu
Finally, the HTC uncertainty was given by:
2 u 2 1/2
Un _ (ﬂ) + <M> (12)
h ATsat Ameasured

Therefore, the experimental uncertainty of the heat transfer coefficient is higher for
low heat fluxes, decreasing as heat fluxes increase. For all surfaces tested, the
experimental uncertainty for the heat flux and the heat transfer coefficient varied from
18.3% to 3.3% and from 18.4% to 3.8%, respectively.

4. Results and Discussion

4.1 Validation of the experimental apparatus

In order to check the accuracy of the pool boiling apparatus and the data regression
procedure, tests were carried out for HFE-7100 on the plain surface, comparing them
with predictions values based on well-known correlations from the literature (Fig. 10).

The re-written version of the Rohsenow’s correlation [32] is given:

1/3
b= 1 q"cp|mhw (9001 — pv) (12)
CSfPrll,7 hlv q// o

where W, hy, Cp, and Pry are the liquid dynamic viscosity (kg/m-s), the latent heat of

vaporization (J/kg), the liquid specific heat (J/kg-K), and the Prandtl number of the
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liquid, respectively. In addition, ¢ is the surface tension, p; and p, are the liquid and
vapor densities, respectively, and g is the gravitational acceleration. Cs is a coefficient
that depends on the fluid and the heating surface material. The thermophysical
properties of the HFE-7100 were obtained from 3M Company [5] and Raush et al. [33]
at psat = 98 kPa.

The correlation of Kiyomura et al. [34] is given by:

() ()™ (Dq> @) (13)
hiy ky uihy, Ly

where Dy is the bubble departure diameter calculated as suggested by Fritz [35]:

hL,
S = 154

D; = 0.0208-6-L, (14)
and Ly is the characteristic length given by L, = fﬁ; ki is the fluid thermal
L= Pv

conductivity. The parameter s is the gap size for confined boiling. In the present study it
was considered the liquid column above the heating surface (s = 50 mm) since the
boiling process did not occur under confined conditions.

Cooper [36] proposed a correlation to predict the boiling heat transfer coefficient

taking into account the surface roughness and reduced pressure of the liquid,

h = 55p£’(— log pr)—o.ssM—o.sqnom (15)
where b = (0.12 — 0.2logR,,), and p;, M and R represent the reduced pressure, the
molar mass of the working fluid, and the maximum peak height of surface roughness,
respectively. In the present study, the correlation was evaluated based on the average
surface roughness, R,, whereas Cooper’s correlation includes the parameter, R,. Thus,

for the present analysis, the following expression suggested by Gorenflo [37] was used:
R, = 0.4R, (16)

Likewise, Ribatski and Jabardo [38] proposed an empirical correlation to estimate
the boiling heat transfer in terms of reduced pressure. Their correlation was based on the
experimental data for saturated pool boiling of halocarbon refrigerants on cylindrical

surfaces of different materials:
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h = fupp**(~logp,) "*M~**Rg*q"™ (17
where m = 0.9 — 0.3p22 and f,, is the heat surface material parameter, equal 100 to
copper.

Finally, the curve fitting proposed by Stephan [39] based on the relation between the

heat transfer coefficient and the heat flux was considered:

h=Cq™ (18)
where C is a coefficient dependent on the surface-fluid interaction and reduced pressure,
and n is an exponent of the heat flux.

The predicted values agree reasonably well with the experimental data providing a
mean absolute percentage error (MAPE) of 11% for the prediction method of Rohsenow
[32] using the value of Cg=0.00316 as proposed by Priarone [40]; and, 12% for
Kiyomura et al. [34] correlation assuming an static contact angle, 8, of 2 degree, a value
that seems reasonable considering the high wettability of the HFE-7100. Cooper’s
correlation [36] presents a MAPE of 26% and, Ribatski and Jabardo [38] correlation
presents the lower error, equal to 10.6%. The exponent n obtained by fitting the curve h
vs. q’’ as proposed by Sthepan’s was around 0.7, agreeing with the values from
literature which generally lies between 0.6 and 0.8. It is worth mentioning that the last
two points in Fig. 10 are close to the critical heat flux; thus, it is reasonable that the pool
boiling prediction method does not capture the trend of the heat transfer coefficient

under such condition.
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Figure 10. Pool boiling apparatus validation with HFE-7100.
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4.2 Metal foams pool boiling curves

The metal foams boiling curves are shown in Fig. 11 and the corresponding curves
displaying the HTC behaviors in Fig. 12. Both figures include the results for the plain
surface. One may observe that both metal foams eliminated the thermal overshoot
necessary to the onset of nucleate boiling (ONB). In fact, nucleation sites are already
activated for the lowest evaluated heat flux (=10 kW/m?) and superheating lower than
5 °C. For the plain surface, the sites remain non-actives until a heat flux of 15 kW/m?
and superheating higher than 15 °C were attained. EI-Genk and Parker [9] also detected
it for graphite porous surface, attributing this phenomenon to the entrapped air in the
high volume interconnected porosity and the re-entrant cavities in the surface.
Additionally, Wong and Leong [7] reported that lower boiling incipience superheat is
due to the larger surface area and more active nucleation sites (due to the porous
structure). According to them [7], the incipience nucleation is highly sensitive to the
nucleation sites available on the surface. For the porous structure, the intersections of
struts form cavities, which can be suitable for nucleation, thus allowing lower boiling
incipience superheat as compared to the plain surface. Xu et al. [10] also reported that
miniature bubbles nucleate at the foam ligaments and fiber junctions in foam cells.

For moderated heat fluxes (=120 kW/m?2), the HTC enhancement becomes evident by
a decrease in the wall superheating of 11.4 K for Cu foam and 12.1 K for Ni foam, as
compared to the plain surface for a similar heat flux. This result implies a HTC
augmentation of 100% and 82% promoted by the Cu and Ni foams, respectively. For
heat flux values higher than 120 kW/m2, the vapor within the Ni foam structure began to
create an unstable boiling pattern, probably promoting intermittent dry patches within
the foam structure, which increases the wall temperature and, consequently, degrades
the heat transfer coefficient. For high heat fluxes (=200 kW/m?), the wall superheating
for Cu and Ni foams are about 16.6 K and 22.5 K, respectively. For the Ni foam, the
HTC decreases for heat fluxes higher than 125 kW/m?, indicating the occurrence of the
dryout phenomenon associated to the vapor captured by the foam structure, which
inhibits the liquid replenishment effect, degrading the heat transfer coefficient (Fig. 12).
In addition, Wong and Leong [7] noted that the smaller the pore cell, the higher is the
bubble evacuation resistance. This causes a large liquid-vapor counter-flow since the
liquid replenishment is inhibited, leading to a lower heat transfer coefficient and an

earlier occurrence of CHF.
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Figure 11. HFE-7100 pool boiling curves at saturation temperature.
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Figure 12. HTC performance for HFE-7100 on plain and metal foam surfaces.

As showed in Table 2 (section 2), smaller pore diameters and higher PPl implies on
increasing the surface area density. Hence, it can be concluded that the Ni foam presents
a higher contact area between its effective surface and the fluid than the Cu foam, which
should increase the HTC. However, the thermal conductivity of Cu is approximately 5
times higher than the Ni thermal conductivity; in addition, the metal foam thermal

conductivity is different from the solid material one, due to the porous medium. Thus,
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the metal foams thermal conductivity was calculated by using the model of Calmidi and
Mahajan [41] that considers the porous medium formed by two-dimensional array of
hexagonal cells. The model yields a kcy:foam = 13.27 W/m-K and Kyj-foam = 0.83 W/m-K,
corresponding to a Cu foam thermal conductivity 16 times higher. In order to
understand the metal foam thermal conductivity values in the foam temperature
distribution, it was considered the metal foam fiber as a pin-fin with diameter equal to d;
and length equal to 6. Hence, it was used the fin efficiency equation,

tanhmlL,

o= € 1
nfln mLc ( 9)

where m = (4h/kf0amdf)1/2 and L, = 6 + (ds/4). By considering a HTC value of
10 kW/m2-K, the efficiency was equal to 5.7% and 0.1% for Cu foam and Ni foam,
respectively. Despite these considerations, the Cu foam presented an order of magnitude
higher than the Ni foam.

Mancin et al. [42] proposed a model for foam surfaces efficiency based on their data

regression:
tanhmlL,

foam 1+ag-6

where,
0.5 0.52
() )
dfkmat kliq

and

0.66

L, = 1055- 518 - PPI- (0.0254 — d, - PPI) (22)
From Mancin et al. [42] model, the foam efficiency was equal to 16.04% and 6.30%
for Cu and Ni foams, respectively (as found out previously, the Cu foam presented an
order of magnitude higher than the Ni foam). Therefore, the foam thermal conductivity
plays an important role in the boiling heat transfer process.
For ¢~ > 120 kW/m?, it is reasonable to infer that the vapor mass within the Ni foam
structure increases the bubble evacuation resistance due to the larger heat transfer

surface area, and consequently, the smaller area available for the vapor release.
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Moreover, the bubble evacuation resistance is more pronounced as the heat flux and the
foam height increase, as also pointed out by Wong and Leong [7].

For Cu foam, the highest HTC occurs at heat fluxes close to 270 kW/m2. The
maximum HTC for the Cu foam at a highest heat flux compared to the Ni foam is
explained by the capillary-assisted behavior of the Cu foam, which improves liquid

replenishment in the porous matrix delaying the dryout occurrence.

4.3 Vapor bubble dynamic visualization

Bubbles dynamics were visualized by using a high-speed camera (Photron
FASTCAM SA3) with 1024 x 1024 maximum resolution at 1000 fps. Through videos
and image tracking software, the bubble departure diameter (Dq) was calculated by
averaging three diameter measurements of a spherical single-bubble immediately after
its detachment from the surface, according to the procedure presented by Thiagarajan et
al. [43]. For each heat flux, the bubble diameters were measured for at least three
different bubble departure sites for a recording period of 1 second. Then, the arithmetic
average diameters of all the evaluated bubbles for a certain experimental condition were
calculated.

Figure 13 shows the results of the bubble departure diameter for five different walls
superheating, corresponding to heat fluxes from 10 to 25 kW/mz2. In this figure, the error
bars correspond to the standard deviations of the measured values. The coalescence of
the vapor bubbles makes measurements above 25 kW/mz2 difficult and not reliable.
According to Fig. 13, the procedure used to evaluate the bubble departure diameter is
satisfactory because a reasonable agreement is found among the experimental results of
the present study and those of Thiagarajan et al. [43], Borishanskiy et al. [44] and Phan
et al. [45], for plain surfaces. It is worth mentioning that none of the prediction methods
for bubble departure diameter considers surface morphology; however, Phan et al. [45]
incorporates the influence of fluid properties and an energy factor as the contribution of
the wetting effects, while Fritz [35] and Cole and Rohsenow [46] correlations only take
into account a balance between buoyancy and surface tension forces, not being able to
predict the HFE-7100 bubble departure diameter.
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Figure 13. Bubble departure diameter distribution.

The vapor bubbles growing and coalescence within the foam structure lead to larger
bubble departure diameters for the foam surfaces than for the plain surface, as the
results displayed in Fig. 13 and the bubbles images shown in Fig. 14. These larger
bubbles are similar to “cage bubbles” reported by Xu et al. [10]. From the analyses of
Figs. 13 and 14, for low heat fluxes, the Cu foam provides larger bubbles departure
diameter due to its larger porous diameters that allows bubbles to rise easily to the foam
top. It is similar to the behavior reported by Sadaghiani et al. [47], who attribute the
vapor bubbles size to the forces acting within the porous medium; the denser and
smaller the pore sizes, the smaller the vapor bubbles and vice-versa.

According to Fig. 14, as the heat flux increases from 18 kW/m?2 to 45 kW/mz, the
bubbles departure diameter from the foam surface are still bigger, however a much
higher density of bubble departure sites is noted on the plain surface. Further heat flux
increases, up to the condition for which the HTC presents its maximum value, show that
the bubbles flow not only through the foam upper surface but also through its lateral
sides. This behavior is more pronounced for Ni foam due to its smallest pore diameter.
The highest bubble evacuation resistance is due to the larger foam contact area with the
fluid, increasing the flow friction and blocking the liquid-vapor counter-flow,
decreasing the HTC. In fact, for the highest HTC values, vapor bubbles coalesce very

quickly leading to an unstable boiling pattern, which causes an earlier dryout than when
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the boiling pattern is stable at the same heat flux, as also reported by Wong and Leong

[7].

Plain Cu foam Ni foam

18 kW/m? 18 kW/m?
AT = 150K AT, = 3.8K ATy =5.5K

45 kW/m2
ATgee = 174K ATge =6.4K ATg =73K
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Figure 14. Vapor bubbles pattern at different heat flux values.
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4.4 Influence of foams parameters

In summary, the Cu foam shows better boiling performance for all heat fluxes than
the Ni foam even the latter providing the highest effective surface area in contact to the
fluid. By foams parameters analyses, Cu presents higher thermal conductivity than Ni;
therefore, the thermal conductivity plays a key role in the boiling performance with
foam surface due to the thermal gradient that occurs in the foam, such as a fin surface.
Moreover, the porous surfaces present different pore diameters, which are linked to the
area density (as) and permeability (K). The smaller the pore diameter of an open-cell
metal foam, the higher the area density, which improves the nucleate boiling and natural
convection heat transfer; moreover, as the bubble nucleation strongly depends on the
liquid superheat and presence of trapped gas, the intersections of foam fibers can form
cavities with entrapped gas, which is suitable for nucleation, thus eliminating the ONB
overshoot as compared to the plain surface. However, as the heat flux increases the
number of active nucleation sites also increases, leading the vapor bubbles to stay
trapped in the foam cell; the foam permeability also decreases with decreasing the foam
pore diameter (the liquid cannot flows into the foam structure, deteriorating the HTC).

Figure 15 summarize the effect of the foam parameters on pool boiling heat transfer.
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Figure 15. Effect of open-cell metal foam parameters on pool boiling performance.
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5. Conclusions

In this work, we presented a pool boiling experimental work by using HFE-7100, at
saturation conditions, and metal foams of copper (Cu) and nickel (Ni) as heating
surfaces. The following conclusions can be drawn from the present study:

»  The metal foams are able to absorb and spread the fluid more efficiently, being
able to increase the HTC as compared to the plain surface. Moreover, these surfaces
prevent thermal overshoot at the onset nucleate boiling.

»  The metal foam thermal conductivity plays a key role in the boiling curve; Cu
foam shows a better performance as compared to Ni foams, even with a smallest surface
area.

« The high area density of Ni foam provides a barrier for the departure of the
vapor bubble, inhibiting the cooling effect of the heating surface (incipience dryout
occurs earlier).

«  The capillary wicking of the copper foam contributed for the stable HTC at high
heat fluxes.

It is worth mentioning that our recent studies are focused on the foams thickness in
order to find the optimum foam thickness related to the foam pore diameter and thermal

conductivity.
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