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Abstract  

Pool boiling is a low-cost technique for cooling electronic devices; HFE-7100 is a 

dielectric fluid with advantageous properties for such application but its high wettability 

can cause temperature overshoot in the system. Hence, the use of porous heating 

surfaces improves the heat transfer performance, eliminating the temperature overshoot 

due to their interconnected porous, which increase the wetted area and active nucleation 

site density. This work addressed pool boiling tests by using HFE-7100 and copper 

foams with three different thicknesses: 3 mm, 2 mm, and 1 mm in order to study the 

vapor bubble dynamics into the foam cell and find out an optimum thickness to enhance 

the boiling heat transfer. The results show that high thickness, 2 mm and 3 mm, has the 

best performance at low heat fluxes while the lowest thickness has the best performance 

at high heat fluxes. At heat fluxes lower than 50 kW/m², the higher surface wetted area 

increases the natural convection zone even though the latent heat also plays an 

important role. At higher heat fluxes, mainly after 200 kW/m², the vapor bubbles are 

trapped at the foam structure leading to an unstable boiling pattern and prevent the 

liquid from rewetting the surface. Therefore, the lowest foam thickness reduces the 

vapor trapping into the cell; additionally, the capillary-wicking ability increases and it 

also improves the HTC and the dryout heat flux due to the prevention of hotspots within 

the foam surface. 
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Nomenclature 

 

Alphabetic 

Ac Capillary tube area [m
2
] 

asf Specific area [m
2
/m

3
] 

cp Specific heat capacity [J/kg·K] 

Csf Surface-fluid coefficient [-] 

Dd Bubble departure diameter [m] 

df Fiber diameter [m] 

dh Liquid column variation [m] 

dp Pore diameter [m] 

fw Heat surface material parameter  [-] 

F Inertia coefficient [-] 

h Heat transfer coefficient [W/m
2
·K] 

kCu  Copper thermal conductivity [W/m·K] 

K Permeability [m
2
] 

L Copper block distances [m] 

Lb Characteristic length [m] 

M Molar mass [kg/kmol] 

m Exponent of heat flux in Eq.(17).  

P Pressure [Pa] 

Pr Prandtl number [-] 

pr Reduced pressure [-] 

q”measured Heat flux measured at copper block [W/m
2
] 

Ra Average roughness [µm] 

Reff Effective pore radio [m] 

s Gap size [m] 

 Wicked volume [m
3
] 

T Temperature [K] 

t Time [s] 

u Uncertainty  

u Fluid velocity [m/s] 

y Liquid rising height [m] 

V



   

Greek symbols  

δ Foam thickness [m] 

ΔT Temperature difference [K] 

ε Porosity [-] 

θ Static contact angle  [degree] 

ζ Surface tension [N/m] 

µ Viscosity  [kg/m·s] 

ρ Density [kg/m
3
] 

ρfoam Foam density [kg/m
3
] 

ρCu Copper density [kg/m
3
] 

ρr Relative density [-] 

   

Subscripts   

1, 2, or 3 Thermocouples position  

atm Atmospheric condition  

l or liq Liquid fluid condition  

s Surface square cross-section  

sat Saturation fluid condition  

vap Vapor fluid condition  

w Surface wall  

 

1. Introduction 

 

It is well known that microelectronics and microchips have been increasing in power, 

also in heat generation, but decreasing in size [1]. Efficient thermal management 

solutions are crucial to maintaining new electronic devices within the operating 

temperature limits [2]. Immersion cooling with two-phase change – pool boiling – is a 

low-cost technique because it works with passive fluid circulation, is easy to construct, 

and requires low maintenance. Consequently, pool boiling has been used as a way of 

reaching the power dissipation needed by electronic devices [3]. Another pool boiling 

advantage is the component-liquid direct contact that eliminates the contact resistance; 

however, liquids with high electric conductivity, i.e., water cannot be used. For this 

reason, the fluorochemical fluids such as fluorocarbons (FCs) and hydrofluoroethers 



(HFEs) are advantageous due to their dielectric and inert properties, nonflammable and 

non-reactive characteristics, i.e. they are chemically compatible [4]. Besides that, FC-72 

and HFE-7100 have a low boiling point, Tsat ≈ 60 °C at 1 atm, which maintains the 

electronic components at low operating temperatures, < 85 °C [5 - 7]. In addition, both 

are chlorine free fluids that provide an ozone depleting potential, ODP = 0; on the other 

hand, HFE-7100, has superior environmental properties due to its global warming 

potential, GWP100 = 320 [8], while FC-72 has a GWP100 > 5000 [9]. 

Pool boiling system is limited by the critical heat flux (CHF) and heat transfer 

coefficient (HTC) values caused by a counterflow of vapor and liquid flow during the 

process [10]. One promising way to enhance the CHF and HTC is to modify the heating 

surface morphology [11]. Porous surface structures have been widely reported to 

enhance heat transfer performance due to their interconnected porous, which increase 

the wetted area and the nucleation site density [12]. The porous thickness and pore size 

are the two most important parameters of a porous surface, and their optimal values 

mainly depend on the fluid properties [13]. One example of a porous surface is the 

open-cell metal foams, which are surfaces with high porosity (ε > 80%) composed by 

tetradecahedron foam cells [14]. According to Zhao (2012) [15], these metal foams have 

high surface area density (>1000 m²/m³) and low-cost manufacturing process. 

Researchers have been studying experimental works in pool boiling using metal 

foams. Atherya et al. [16] studied aluminum metal foam on FC-72 with different 

thicknesses (2.3 mm – 25.4 mm) and different pores per inch (PPI). They reported that 

the first vapor bubbles grew in the junction surface-foam and as the heat flux increases 

the bubbles within the structure also increase. Thicker foams enhance the HTC at first 

heat fluxes while the lowest thickness had the highest CHF. 

Xu et al. [17] used acetone as working fluid on copper foam with three different 

porous densities 30, 60, and 90 PPI at a constant thickness (δ = 3 mm). All foams 

presented negligible wall temperature excursion at boiling incipience. The authors 

reported an HTC and CHF enhancement due to the high liquid contact area, more 

density of active sites, and capillary-assist liquid flow towards foam cells. Yang et al. 

[18] used the Xu et al. [17] methodology and surfaces; however, they used water as 

working fluid and different foams thickness – from 1 mm to 5 mm. They found 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. The optimum thickness decreases as the porous density increases because 



high porous density increases the surface area and consequently the nucleation sites; 

however, it decreases the bubbles release resistance. 

Xu and Zhao [19] investigated the saturated pool boiling heat transfer of deionized 

(DI) water on a copper foam surface with V-shape grooves and reported that large foam 

thickness can offer a high surface area although creates considerable resistance for 

bubble escape; thus, grooves in the foam structure could help the vapor bubbles escape. 

Additionally, Xu and Zhao [20] studied DI water on pool boiling of gradient metal 

foams, with a foam of high porous density at the lower lever and low porous density at 

the upper level; according to the authors, the low porous density delays the bubble 

departure and increase the bubble growing time, which helps the HTC enhancement 

while the high density increase the nucleation sites. 

Recently, Zhou et al. [21] used copper foams with 10, 50, and 110 PPI on pool 

boiling of DI water with and without n-butanol solution at 6 wt.%. The metal foams 

were observed to increase the HTC, as porous density increased, for both fluids. In 

addition, for high heat fluxes, the n-butanol solution decreases the surface tension and, 

as a consequence, the vapor bubbles evacuation is promoted. 

Finally, Wong and Leong [22] 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 allow better 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 flux and structure 

height and for smaller unit cell size. 

Based on the previous literature review, in fact, the metal foams increase the HTC 

and the CHF as compared to plain/flat surfaces. The main effect reported is the wetted 

area enhancement that promotes bubbles formation at low heat fluxes coupled with 

more nucleation sites at high heat fluxes; moreover, as the foam PPI increases, the 

wetted area also increases and the pore diameter decreases. Small pores increase the 

capillary-assist liquid flow towards foam cells; on the other hand, small pores make the 

bubble vapor evacuation difficult at high heat fluxes. Finally, thicker foams had greater 

wetted area and improve the HTC at low heat fluxes while deteriorates the heat transfer 

performance at high heat fluxes due to the thermal resistance created by the vapor 



within the porous structure. However, the effect of foam thickness is not clear for 

wetting fluids such as HFE-7100. 

This paper presents an experimental work on pool boiling using HFE-7100 (at 

saturated conditions) and metal foams of copper (Cu) at three different thicknesses (δ): 

3 mm, 2 mm, and 1 mm. The present work aims to: (i) increase the database of fluid-

surface combinations; (ii) understand the vapor bubble dynamics into the foam cell by 

using high-speed camera images and liquid flow by wickability analysis; (iii) find out a 

foam optimum thickness to enhance the boiling heat transfer with dielectric fluid. 

 

2. Surface preparation and characterization 

 

2.1 Foams parameters 

 

The open cell copper metal foam was purchased from Nanoshel® as a 

500 × 500 mm
2
 sheet with a 3 mm thickness. It was fabricated by using metal 

deposition in a cellular preform as detailed by Ashby et al. [23] and Bahart [24]. First, 

the pane was cut in squares of 16 × 16 mm
2
 (Fig. 1) by using electrical discharge wire 

cutting (wire EDM) [25]. 

 

 

Figure 1. Copper foam section. 

 



The porosity (ε) was obtained by weighing seven samples with the same size in an 

analytical balance and comparing the foam density, ρfoam, with the copper density, 

 

         
     

   
 (1) 

 

Moreover, the following methods were used to characterize the copper foam: (i) 

optical images using a stereo microscopy Zeiss® SteREO Discovery.V8 and scanning 

electron microscopy (SEM) by using an EVO LS15 Zeiss®, Fig. 2; (ii) X-ray 

microcomputed tomography (µCT) by using a Skycan 1272 at a resolution of 15 µm 

(100 kV X-ray source voltage); and (iii) wickability based on the wicked volume in a 

capillary tube (1 mm diameter), section 2.3. 

 

   

(a) (b) (c) 

Figure 2. Copper metal foam images: (a) Stereo top view; (b) SEM top view; and (c) 

SEM fiber cross section. 

 

In order to perform the PPI measurement, using the images, seven lines in each 

direction were traced and the number of porous which intercepted lines was counted; 

thus, an average of each direction line was calculated and the average of the two 

direction yields the PPI of the open-cell metal foam. The average PPI value was 31.75 

with a standard deviation of 6.2. In addition, the µCT images were used for measuring 

the foam porous diameter and fibers diameters (dp and df, respectively), and the specific 

area (asf). First, the µCT virtual slices were input in the imoph software  [26] in order to 

measure the surface granulometry by using the aperture map function for both phases 

(solid and porous) as explained by Vicente et al. [27]. Figure 3a shows the histogram 

and the normal distribution that allows defining a mean pore diameter, which is shown 

in Table 1. The µCT virtual slices were input in the vmtk® software for measuring the 

specific area; vmtk uses the ‘marching cubes’ algorithm to extract the interface between 



the porous and solid phases by creating a triangulated surface mesh that is rendered to 

form a solid (Figure 3b). 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 grayscale, the area density was obtained by the ratio between the surface 

solid area (foam area) and its total volume (solid volume + porous volume) as showed 

in Table 1. 

 

 

 

(a) (b) 

Figure 3. Copper foam: (a) pore diameter distribution and (b) Rendered tridimensional 

surface. 

 

Table 1. Copper foam characteristics. 

Weight 

(kg×10
-3

) 

ρfoam 

(kg/m³) 

ρr
1
 

(%) 

ε 

(%) 

dp 

(mm) 

df 

(mm) 

asf  

(m
2
/m

3
) 

0.697 908.1 10.1 90.0 0.52 0.1 2166 
1Pure material density: ρCu = 8960 kg/m³. 

 

2.2 Foam thickness variation 

 

The copper foams with 3 mm in thickness were welded (soldering process [25]) on 

the copper block with a plain and square plate on the upper surface (16 × 16 × 3 mm
3
) 

of the copper cylinder. (Fig. 4). In order to ensure small thermal resistance between the 

foam and the test section, a thin tin layer (0.1 mm thickness) was applied between the 

plain surface and the copper foam; after that, the copper block was heated by a cartridge 

resistance up to the tin alloy melting point (≈ 200 °C) and a weight was put on the foam 



to pressure it against the plain surface. Finally, the assembly was cooled and cleaned 

with alcohol and acetone. 

 

 

Figure 4. Copper foam 3 mm soldered on the plain copper block. 

 

Furthermore, more two foam thicknesses were used in this work. For the thickness 

level variation was used the electric discharge machining process (EDM), where a 

square flat copper block (20 × 20 mm
2
) was used as an electrode tool as shown in 

Fig. 5a. Figure 5b shows the copper foam after machining with δ =1 mm. 

 

  

(a) (b) 

Figure 5. Foam thickness level variation. (a) EDM basic setup; (b) metal foam after the 

machining process. 

 

2.3 Wickability analysis 

 



The previous works on metal foams [17 - 19, 21] refer to the capillary-assist as one 

of the main effects of the enhancement in the HTC and CHF. They based their analysis 

on Young-Laplace equation for a capillary tube,  

 

   
      

  
 (2) 

by considering the interconnected pores as capillary tubes; therefore, smaller pore 

diameter resulted in a larger capillary driving pressure, which should improve liquid 

replenishment [21]. 

Other researches on porous surfaces have used techniques to quantify the surface 

wickability. For instance, Nam et al. [29], Ahn et al. [30], Gheitaghy et al. [31] and 

Wang et al. [32] performed the capillary rate-of-rise experiment where the porous 

surface stayed oriented perpendicular to a horizontal liquid reservoir. Once the sample 

bottom touches the reservoir surface, the liquid rises along the surface due to a finite 

capillary pressure gradient. The liquid rising height is tracked by a high-speed camera 

and, according to the Washburn’s equation, for capillary structures of small effective 

pore diameters (lower than 300 μm), the square of liquid rising height (y
2
) has a linear 

correlation with the rising time (t), 
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When the effective pore radio (Reff) decreased, the capillary pressure increased; on 

the other hand, permeability (K) is going to decrease as a penalty. 

Similarly, Ahn et al. [33], Rahman et al. [34], Cao et al. [35] and Cao et al. [36] 

carried out capillary-wicking tests where the porous surface is slowly raised to contact a 

pendant fluid droplet attached to a small diameter capillary tube. As the surface makes 

contact with the droplet, the liquid is wicked into the porous structure and the 

volumetric flow rate is measured by monitoring the liquid meniscus in the tube. The 

wickability is characterized by the absorbed flow rate defined as, 

 

 ̇     (
  

  
)
   

 (4) 

where Ac is the capillary tube area and dh is the liquid column variation inside the 

capillary tube. 



As our copper foams samples have a porous diameter higher than 300 µm, the 

capillary-wicking test previously presented was chosen to compare the wickability of 

the copper foams with different thicknesses. The capillary tube used had 1 mm in 

diameter. The schematic experimental layout is shown in Fig. 6a and the liquid 

absorption on ‘Cu foam 3 mm’ in Fig. 6b. Figure 7 shows the volume wicked by all 

surfaces tested for the first 30 milliseconds, where the straight lines represent the initial 

wicked volume. One may observe that the ability to absorb the liquid increases as the 

thickness decreases. 

 

 

(a) 

Cu foam 3 mm 

   

0 ms 10 ms 50 ms 

(b) 

Figure 6. Wickability analysis: (a) Schematic of the experimental device used for the 

wickability measurements (b) Metal foams capillary wicking for 3 mm. 

 



 

Figure 7. Volume wicked by all surfaces tested. 

 

3. Experimental setup and data reduction 

 

The pool boiling tests were performed in the apparatus (Fig. 8) that consists of a 

rectangular glass (120 × 100 mm²) with a thickness of 5 mm and 200 mm height. The 

upper and lower bases consisted of two stainless steel plates, 200 × 200 × 10 mm³. The 

required tightness was obtained with nitrile rubber insulation and silicone. A thermal 

bath, operated with water, was used to control the condenser temperature located at the 

top of the boiling chamber. 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 point since the power was controlled with a 

variable transformer. Two K-type thermocouples, Tliq, and Tvap, located in the working 

fluid and vapor, respectively, allowed monitoring the test condition temperature. The 

pressure inside the boiling chamber was measured by a pressure transducer Omega 

PXM309-2A and maintained close to the local atmospheric pressure, patm = 98 kPa, 

during the boiling tests. The pressure uncertainty, certified by Omega, is ± 0.05 kPa. 

The test section, Fig. 9, consisted of a copper piece with a square plate on the upper 

surface (16 × 16 × 3 mm
3
) of the copper block with 16 mm diameter and 60 mm height. 

Three K-type thermocouples (T1, T2, and T3) with 0.5 mm diameters were used to 

estimate the wall temperature (Tw) and the heat flux (q”measured). A cartridge resistance, 

with a maximum power of 300 W at 220 V, heated the bottom part of the copper block; 

the power was supplied by a stabilized variable DC power source. The thermal 



insulation of the test section consisted of polytetrafluoroethylene (PTFE). In order to 

eliminate the natural parasite sites at the interface PTFE-test section surface, a two-

component epoxy resin was used to fill the gap (Fig. 10). 

 

 

Figure 8. Pool boiling apparatus: (1) cooper block; (2) auxiliary heater; (3) pressure 

transducer; (4) vacuum/feed valve; (5) condenser; (6) glass chamber; (7) stainless steel 

plate. 

 

 
 

(a) (b) 

Figure 9. Test section view: (a) distance between the thermocouples and the surface 

wall; (b) temperature linear profile in both cross-sections. 

 



 

Figure 10. Plain heating surface with epoxy on the surface border. 

 

The boiling tests were performed by using HFE-7100 (3M
TM

 Novec
TM

) at saturated 

conditions – physical properties are listed in Table 2. A plain surface was tested and 

considered as a reference surface. As HFE-7100 has an extremely small contact angle 

(< 10°) [4], the plain surface (Ra = 0.14 µm) was prepared by sandpaper 600 grit in 

order to produce a rough surface as presented by Manetti et al. [37]. 

 

Table 2. Thermophysical properties of HFE-7100 at saturated conditions [8, 38]. 

Saturation 

pressure 

Tsat 

(°C) 

ρl 

(kg/m³) 

ρv 

(kg/m³) 

10
6 

×µl 

(Pa·s) 

cp,l 

(J/kg·K) 

hlv 

(kJ/kg) 

kl 

(W/m·K) 

ζ 

(mN/m) 

1 atm 61.0 1418 9.7 426.8 1255.0 111.6 0.069 10.20 

98 kPa
a
 60.3 1420 9.5 430.5 1253.6 111.9 0.069 10.26 

aAmbient pressure in Ilha Solteira, Brazil. 

 

A vacuum was created to feed the chamber with the working fluid. Before each run, 

the auxiliary heater boiled the working fluid by 1 hour for degassing it. 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) acquired all data signals (voltage, 

pressure, and temperature). The applied heat flux was compared to the measured heat 

flux by using Fourier's law of conduction through the three thermocouples in the copper 

block, 

 

         
   

 

 
     

    
   

 (5) 

Two-component epoxy to 
prevent parasite sites 



where π/4 is due to the square cross-section at the surface upper level; L13 is the 

thermocouples distance, as shown in Fig. 9, equal to 12 mm. 

The HTC was calculated using Newton's law of cooling given by: 
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where Tsat(pint) corresponds to the saturation temperature of the HFE-7100, at pressure 

inside de boiling chamber, given by [8]: 

 

                   
      

               
        (7) 

and Tw is the wall temperature given as follows: 
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where the second term is the linear temperature profile at the end of the circular section 

(L1s = 5 mm) and the third term is the linear temperature profile in the square section 

(Lsw = 3 mm), as shown in Fig. 9. 

The experimental uncertainties (u) were calculated by using the method described by 

Moffat [39] where the uncertainty in the result R is a function of the independent 

variables Xi as follow: 
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Therefore, the relative uncertainty for the heat flux between the thermocouples 3 and 

1 was given by: 
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where the differential uncertainty of the K-type thermocouples was ± 0.3 °C 

(corresponds to the thermocouples uncertainties after the calibration); the uncertainty in 



the position of the thermocouple junction was estimated to be ± 0.03 mm, and the wall 

superheat uncertainty was given by: 
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(11) 

 

Finally, the HTC uncertainty was given by: 
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 (12) 

 

Therefore, the experimental uncertainty of the heat transfer coefficient is higher in 

low heat fluxes while it decreases as heat fluxes are increased. 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 verify the pool boiling apparatus accuracy, tests were carried out for HFE-

7100 on the plain surface and the experimental values were compared with the 

predictive correlations (Fig. 11). First, it was used the well-known Rohsenow’s 

correlation [40], 
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that can be rewritten changing ΔTs t   q     , 
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where µl, hlv, cpl, and Prl correspond to the viscosity of the liquid (kg/m.s), the latent 

heat of vaporization (J/kg), the specific heat of the liquid (J/kg.K), and the Prandtl 

number of the liquid, respectively; in addition, ζ is the liquid surface tension, ρl, and ρv 

are the liquid and vapor densities, respectively, g is the gravitational acceleration. Csf is 

a coefficient that depends on the material of the heating surface and the surface 

finishing. The thermophysical properties of the HFE-7100 were obtained at psat = 98 

kPa. 

Moreover, it was used the Kiyomura et al. [41] correlation given by, 
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where Dd is Fritz’s model [42] for bubble departure diameter given by, 

 

                 (16) 

and Lb is the characteristic length given by    √
 

  ρ  - ρ  
; kl is the fluid thermal 

conductivity. The parameter s is the gap size for confining boiling test; so, as the present 

work does not have a confining element, s was the fluid column above the heating 

surface (s = 50 mm). 

Ribatski and Jabardo [43] proposed an empirical correlation to estimate the boiling 

heat transfer in terms of reduced pressure (pr). Their correlation was based on the 

experimental data for saturated pool boiling of halocarbon refrigerants on cylindrical 

surfaces of different materials: 

 

      
            

           
        (17) 

where            
    and    is the heat surface material parameter, equal 100 to 

copper, M and Ra represent the molar mass of the working fluid, and average surface 

roughness, respectively. 

Finally, the curve fitting based on the relation between the heat transfer coefficient 

and the heat flux proposed by Stephan  [44] is used to validate the experimental results: 

 



       (18) 

where C is a coefficient that depends on the surface-fluid interaction, and n is an 

exponent of the heat flux. 

The predicted values agree well with the experimental data with a mean absolute 

percentage error (MAPE) of 10% for Rohsenow’s correlation [40] by using a 

Csf = 0.005, as suggested by Cao et al. [45]; 12% for Kiyomura et al. [41] by using the 

static contact angle, θ, equal to 2 degree; and, 10 % for Ribatski and Jabardo [43] 

correlation. The exponent n obtained by Stephan [44] fitting was around 0.7, agreeing 

with the value that generally lies between 0.6 and 0.8. 

 

 

Figure 11. Pool boiling apparatus validation with HFE-7100. 

 

4.2 Copper foams pool boiling curves 

 

The boiling curves for metal foams and plain surface are shown in Fig. 12a and 

Fig. 12b shows the HTC curves. The results for plain surface were included for 

reference. 

 



 

(a) 

 

(b) 

Figure 12. (a) HFE-7100 pool boiling on copper foams at saturated conditions and (b) 

HTC curves. 

 

While the plain surface stayed just on natural convection at the first three heat fluxes 

of the boiling curve and showed a boiling incipience overshoot, the copper metal foam 

eliminated the thermal overshoot at the onset nucleate boiling (ONB), with some 

nucleation sites being activated at the first heat fluxes (≈10 kW/m²). 

For q” < 50 kW/m², the first two foams, δ = 2 mm and δ = 3 mm, showed no 

significant difference between them. In this way, even that copper has high thermal 

conductivity (kCu ≈ 400 W/m.K) and the foam with higher thickness had a greater 



wetted area, the temperature drop through the copper foam plays a key role in the first 

heat fluxes and then thickness higher than 2 mm is not useful to heat transfer. Moreover, 

‘Cu foam 1 mm’ presented the worst performance due to the lowest wetted area. 

Therefore, although all foams showed active sites at first heat flux, the natural 

convection also acts during the heat flux range < 50 kW/m² and influences the foams 

boiling curve. 

As the heat flux increased, the thickness effect became more evident. For 

50 kW/m² < q” < 200 kW/m² there is fully developed nucleate boiling and the ‘Cu foam 

2 mm’ remained with the best boiling performance while the ‘Cu foam 3 mm’ boiling 

curve starts to deviate to the right side, deteriorating the HTC; in contrast, the foam with 

δ = 1 mm change the curve slope, increasing its heat transfer performance. 

In order to show more clearly the HTC enhancement effect of the foam, the 

experimental results were evaluated by using the heat transfer enhancement ratio, which 

is given by the ratio between the foam HTC and plain HTC as shown in Fig. 13. 

 

 

Figure 13. Pool boiling heat transfer coefficient enhancement ratio as a function of heat 

flux. 

 

Figure 13 confirms the best performance of δ = 2 mm for heat fluxes 

q” < 200 kW/m² but it has a slope downwards as the δ = 3 mm for q” > 200 kW/m² 

while the δ = 1 mm remained a ratio almost constant close to 2.3 that imply an HTC 

average increase of 130 %. However, as the dryout heat flux for the plain surface was 



close to 250 kW/m² and the maximum heat flux applied was 270 kW/m², the HTC ratio 

analysis cannot be carried out for the entire foam curves. 

For an imposed heat flux q” > 200 kW/m², the bubble frequency and coalescence 

increase within the foam structure. Therefore, as higher the foam thickness, higher is its 

bubble evacuation resistance; in other words, the foam structure traps vapor bubbles in 

the cell structure, leading to an unstable boiling pattern, which inhibits the cooling, 

effect and increases the wall temperature. Therefore, the lowest thickness showed the 

best result at high heat fluxes because even though the wetted area decreased, two other 

effects are pronounced: the vapor bubbles grow and rise easily and, the wickability 

effect increases (as shown in Fig. 7, section 2.3) i.e., it has large capacity for pumping 

liquid to the hotspots. Figure 14a shows the relation between the maximum HTC 

reached by the metal foams and the maximum HTC reached by the plain surface and 

Figure 14b shows the relation between the metal foam dryout heat flux and the plain 

dryout. As can be seen, ‘Cu foam 1 mm’ has the best performance when critical/turning 

points are compared on both analysis; on the other hand, ‘Cu foam 2 mm’ was able to 

reach a higher HTC however, the heat flux turning point was very close to the ‘Cu foam 

3 mm’ and plain one. 

 

  

(a) (b) 

Figure 14. (a) Maximum HTC enhancement for Cu foam (b) dryout heat flux for Cu 

foam. 

 

In order to obtain an optimum thickness for each range of heat flux, the results were 

plotted as a function of the foam thickness at constant heat flux lines as shown in 

Fig. 15. The minimum superheating value and the maximum HTC value were found by 



fitting a second-degree polynomial with a least-square method with all curves fit with 

R
2
 > 0.99. 

 

 
(a) (b) 

Figure 15. Copper foam thickness variation: (a) Minimum superheating; (b) Maximum 

HTC. 

 

As previously discussed, there is no constant value for optimum thickness. The 

optimum thickness varies with the heat fluxes and Fig. 15 shows the turning point for 

each heat flux. From maximum and minimum points, an inverse S-shaped curve, 

 

     
 

               
 (19) 

was fitted to find out the optimum thickness, δopt, as shown in Fig. 16. 

 

 

Figure 16. Copper foam optimum thickness for HFE-7100. 

 



Obviously, the equation obtained in Fig. 16 works just for foams with similar 

characteristics of that showed in this work; however, the inverse S-shaped curve model 

is a good choice to fit other foams curves. First, it adjusts a maximum thickness for first 

heat fluxes where the larger wetted area combined with the natural convection plays a 

key role. Next, it shows the point where the vapor bubbles start to get trapped in the 

foam cell, and so, the thickness needs to be lower. Finally, it presents a minimum foam 

thickness higher than zero (thickness equal to zero means a plain surface where the 

performance is worst). In our study, the optimum thickness for heat fluxes in the range 

of 25 to 100 kW/m² is close to 2 mm, corroborating the inactive area for higher 

thickness as reported previously. For q” > 100 kW/m², the optimum thickness decreases 

to values lower than 2 mm due to the trapping effect of the vapor bubbles. 

 

4.3 Vapor bubble dynamic visualization 

 

Bubbles dynamics were visualized by using a high-speed camera (Photron 

FASTCAM SA3) with a 1024 × 1024 maximum resolution and 1000 fps. Through 

videos and image tracking software, the bubble departure diameter (Dd) was calculated 

by averaging three diameter measurements immediately after the instant time that the 

bubble detached from the surface, as explained by Thiagarajan et al. [46]; for each heat 

flux the diameters were measured of at least three different sites during 1 second of 

recording. Figure 17 shows the bubble departure diameter for five heat flux values 

(from 10 to 25 kW/m²), including well-known correlations to validate the results for 

plain surfaces; the error bars are the standard deviation of measurement. Moreover, the 

data from Thiagarajan et al. [46] were plotted for comparison. It is worth mentioning 

that none of the correlations considered includes direct consideration of surface 

conditions: Fritz's correlation [42] takes into account a balance between buoyancy force 

and surface tension force; Cole and Rohsenow’s correlation [47] correlated the bubble 

diameter departure at low pressures as a function of Jakob number by replacing the wall 

superheat by the liquid critical temperature; Borishanskiy et al. [48] used 

thermodynamic similitude to develop a correlation for the bubble departure diameter. 

The later predicts well the Thiagarajan et al. [45] data and the experimental data for the 

plain surface. 

In the most recent correlation, Phan et al. [49] incorporate the influence of fluid 

properties and the buoyancy effect as Fritz [42], but also consider the energy factor as 



the contribution of the wetting effects. However, as the correlation does not take into 

account the heating surface morphology, it is not possible to predict the bubble 

departure diameter for foams surface and compare it with the measured value. 

 

 

Figure 17. Bubble departure diameter distribution. 

 

The nucleation sites on metal foams are activated at the first heat flux; for the highest 

foam thickness, small bubbles grow and coalescence within the foam structure leading 

the bubble departure diameter bigger than the other foams and plain surface. Such 

behavior decreases as the thickness also decreases for δ = 2 mm and δ = 1 mm. At the 

smallest thickness, the bubbles grow and departure in the first two heat fluxes; the mean 

bubble departure diameters are almost the same as the plain one. As heat flux increases, 

the bubble coalescence also increases, as a result, the mean Dd was close to the other 

foams. Figure 18 shows the pictures taken during the pool boiling and a schematic 

drawing in Fig. 19 complement the explanation above. 

 

Plain Cu foam 3 mm Cu foam 2 mm Cu foam 1 mm 

    

ΔTsat =14.4 K ΔTsat = 3.8 K ΔTsat = 3.1 K ΔTsat = 6.6 K 

Figure 18. Vapor bubbles visualization at low heat flux for plain and foams surfaces. 



  

(a) (b) 

Figure 19. Schematic drawing of vapor bubbles role on pool boiling at low heat flux for 

copper foam with: (a) 3 mm; (b) 1 mm in thickness. 

 

As the heat flux increases, it is not possible to measure the bubble departure 

diameter; however, it is possible to compare the vapor bubbles patterns. Figure 20 

shows vapor bubbles visualization at different heat flux values. At the highest foam 

thickness, the vapor bubbles start to flow not only in foam top but also at the foam 

lateral sides that difficult the liquid-vapor counterflow, decreasing the HTC. As foam 

thickness decreases the vapor bubbles concentrate at the foam top, which improves 

liquid replenishment in the porous matrix by the sides, Fig. 21. 

 

Cu foam 3 mm Cu foam 2 mm Cu foam 1 mm 

   

75 kW/m² 75 kW/m² 75 kW/m² 

ΔTsat = 8.2 K ΔTsat = 7.1 K ΔTsat = 8.3 K 



   

150 kW/m² 150 kW/m² 150 kW/m² 

ΔTsat = 12.9 K ΔTsat = 9.9 K ΔTsat = 10.5 K 

   

250 kW/m² 250 kW/m² 250 kW/m² 

ΔTsat = 20.4 K ΔTsat = 15.6 K ΔTsat = 13.7 K 

   

350 kW/m² 350 kW/m² 350 kW/m² 

ΔTsat = 28.3 K ΔTsat = 21.5 K ΔTsat = 17.6 K 

Figure 20. Vapor bubbles pattern at different heat flux values. 

 

  
(a) (b) 

Figure 21. Schematic drawing of vapor bubbles role on pool boiling at high heat flux 

with copper foam with: (a) 3 mm; (b) 1 mm in thickness. 



4.4 Summary of thickness foam influence on pool boiling 

 

By analyzing the effect foam thickness on pool boiling of HFE-7100 we noticed that 

there is an optimum thickness point for the first heat fluxes that is close to 2 mm, which 

eliminates the ONB overshoot and improves the HTC due to the bubbles nucleation 

(latent heat) and natural convection heat transfer. The thicker foam has an area that does 

not effectively contribute to heat transfer while the thinnest has a smaller area that 

mainly influences the natural convection heat transfer. By increasing the heat flux, the 

nucleation sites and bubble frequency also increase, leading to vapor bubbles to get 

trapped in the foam cell with higher thickness. It hinds the vapor flow on the foam top 

and the bubbles start to departure from the lateral sides, which difficult the liquid flow 

into the foam structure and decreases the vapor-liquid counterflow, deteriorating the 

HTC. Therefore, the lowest foam thickness reduces the entrapped vapor into the cell; 

additionally, the capillary-wicking ability increases and it also improves the HTC and 

the dryout heat flux due to prevention of hotspots within the foam surface. Figure 22 

summarizes the foam thickness effect on pool boiling of HFE-7100. 

 

 

Figure 22. Effect of open-cell metal foam thickness on pool boiling of HFE-7100. 



5. Conclusions 

 

In this work, we presented a pool boiling experimental work by using HFE-7100, at 

saturation conditions, and copper foams of 1 mm, 2 mm, and 3 mm in thickness as the 

heating surface. The following conclusions can be drawn from the present study: 

 The copper foams eliminated the thermal overshoot at the onset nucleate boiling, 

with some nucleation sites being activated at the first heat fluxes. It improves 

HTC due to the latent heat coupled with natural convection heat transfer. 

 For heat fluxes lower than 200 kW/m², the ‘Cu foam 2 mm’ showed the greater 

HTC while for heat fluxes higher than 200 kW/m² the ‘Cu foam 1 mm’ is better; 

reaching an HTC 145 % higher than the plain one. 

 There is no constant value for optimum thickness; in other words, the optimum 

thickness varies with the heat flux. In addition, the inverse S-shaped curve fitted 

well with our data and presented the optimum thickness variation with the heat 

flux. 

 From bubbles visualization, it can be seen that small bubbles grew and 

coalescence within the foam structure leading the bubble departure diameter 

bigger than the other foams and plain surface. That behavior decreases as the 

thickness also decreases to δ = 2 mm and δ = 1 mm. As the heat flux increase, 

the vapor bubbles start to flow not only in foam top but also at the foam lateral 

sides that difficult the liquid-vapor counter flow and decrease the HTC while in 

the lowest thickness the vapor bubbles outlet concentrates at the foam top and 

allows the fresh liquid inlet at the lateral sides. Additionally, the capillary-

wicking ability increases as the thickness decreases and it also improves the 

HTC and the dryout heat flux due to the prevention of hotspots within the foam 

surface. 
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