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ABSTRACT 

 
Pool boiling is a suitable technique for direct immersion cooling in electronic devices coupled with dielectric 

fluids. However, these fluids have relatively poor thermophysical properties in contrast to water, and extremely 

small contact angle that causes temperature overshooting at the boiling incipience. So, the use of surface 

enhancement techniques such as porous surfaces has been widely reported to enhance heat transfer performance 

and meet the cooling requirements. The porous thickness and pore size are the most important parameters of a 

porous surface, and their optimal values mainly depend on the fluid properties. This work aims to investigate the 

performance of metal foams of nickel and copper, with different pore diameter and thicknesses on pool boiling, 

using HFE-7100 as working fluid. A predictive model was proposed for the heat transfer coefficient (HTC) 

based on the Buckingham π theorem and experimental database. Additional data were taken from the literature 

for comparative purposes. The dimensionless numbers showed a greater contribution of the transient heat 

conduction and single-phase convection than the latent heat. In addition, as the pore diameter decreases the HTC 

increases. The thickness presents a variable exponent, which is a function of the heat flux, due to the balance of 

heat transfer area and vapor bubble resistance. The developed model accurately predicts 93% of the 

experimental data within an error band of ± 30% and absolute mean deviation of 13%; moreover, the developed 

model predicts 68% (within the ± 30% error band) of data from the literature for different working fluids and 

foams parameters. 

 

KEYWORDS: pool boiling, metal foams, heat transfer coefficient, predictive model, HFE-7100. 

 

1. INTRODUCTION 

 
Two-phase cooling systems have been widely studied for thermal management technology. Pool boiling is a 

low-cost technique due to buoyancy of the bubbles in the absence of a pump. It can be used with direct 

immersion cooling for an increased power density and energy efficiency in cooling high power electronics 

[3-5]. Although water possesses a higher boiling heat transfer coefficient, it is not compatible with electronic 

devices for direct immersion cooling due to the problem of electrical short-circuit; on the other hand, 

dielectric fluids such as fluorochemical liquids are not electrically conductive and it has been proved to be 

highly suitable as a liquid medium for cooling [4]. However, these fluids have relatively poor 

thermophysical properties and extremely small contact angle that causes large superheat to initiate the 

boiling process - commonly referred to as „incipience excursion‟ [5]. Therefore, the use of surface 

enhancement techniques is needed to meet the cooling requirements of modern electronic devices. According 

to Hendricks et al. [6], the heating surface can be modified by using three factors: (i) existence of random 

micro- or nano-size crevices and surface irregularities for bubble nucleation; (ii) porous surface structure that 

allows fluid inflow to keep nucleation sites active; and, (iii) surface protrusions that enlarge the boiling 
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surface area. 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 [7]. The porous 

thickness and pore size are the most important parameters of a porous surface, and their optimal values 

mainly depend on the fluid properties [8]. 

 

For industrial applications, a predictive model is required mainly for the heat transfer coefficient (HTC). 

According to Wu et al. [9], mechanistic models and empirical correlations have achieved some success in 

predicting boiling HTCs, mainly for smooth surfaces, although some of them may predict experimental data 

well while failing for other data sets. The former is based on the heat flux partitioning model (RPI Model), 

which counts various boiling heat transfer mechanisms calculated separately [10]. Generally, nucleate 

boiling is attributed to three heat transfer mechanisms: (1) natural convection in the region of the surface not 

influenced by the bubbles; (2) evaporation occurring during the bubble-growing period (term related to the 

latent heat of evaporation); and, (3) so-called quenching due to the inflow of cold fluid on the heating surface 

and subsequent thermal boundary layer re-formation after bubble departure [11]. However, the mechanistic 

models require information of many parameters, like bubble departure diameters and its frequencies, and 

active nucleation site densities. These parameters are difficult to obtain, especially the active nucleation site 

densities, which restricts the general validation of mechanistic models. Besides, the mechanistic models 

normally eliminate bubble interactions, and thus, they are not valid at high heat fluxes [12]. As a workaround, 

several authors proposed modeling nucleate boiling via dimensional analysis, avoiding the use of quantities 

that must be obtained experimentally [11]. 

 

The empirical correlations require critical analysis to find the main phenomena, properties, and 

dimensionless number to describe the pool boiling data set. The well-known Rohsenow‟s correlation [13] 

was developed based on a physical analogy between single-phase convection and nucleate boiling where 

Reynolds, Prandtl, and Stanton number are correlated [14]. Stephan and Abdelsalam [15] used regression 

analysis to derive the Nusselt number from other dimensionless variables. According to Stephan [16], the 

regression analysis showed that certain non-dimensional quantities prove to be important for some 

substances but unimportant for others. A disadvantage of these correlations is the fact that the composition of 

the heating surface has not been taken into consideration. Some of them address the effect of surface 

topography by considering the surface roughness. However, this parameter is not representative of the 

geometric features of the surface pattern and so it is weakly correlated with the quantities describing 

nucleation and bubble dynamics [11].  

 

Teodori et al. [11] proposed a new correlation based on an empirical method to predict the pool-boiling heat 

transfer coefficients on regular micro-patterned heating surfaces. Two correlations were obtained by 

dimensional analysis, which were slightly different in terms of the phenomenological description of the 

boiling process. Both of them were able to predict the heat transfer coefficient within an error of ± 30%. In 

addition, these correlations could predict fluids behavior with significantly different thermophysical 

properties. However, according to Lin and Kedzierski [8], the boiling models for the structured surface are 

not directly applicable to the porous surface due to the randomness of the porous surface geometry due to 

irregular geometry. It is more difficult to develop a mechanistically based model for the boiling heat transfer 

on a porous surface. Consequently, few studies predicting the heat transfer on porous surfaces were found in 

the open literature. 

 

Nishikawa and Ito [17] developed a correlation based on their pool boiling data of R-11, R-113, and benzene 

at saturation temperature and atmospheric pressure on the porous surfaces coated by copper or bronze 

particles, whose diameter ranged from 100 to 1000 µm. The correlation incorporates the effects of porosity – 

ranged from 0.38 to 0.71 – and thickness of the coating layer – ranged from 0.5 to 5 mm, particle diameter, 

and fluid properties. Recently, Xu et al. [18] used Rohsenow correlation to determine the correlation for a 

highly porous surface – metal foams - by adding a modification factor and exponent. The effects of pore 

density, porosity, and thickness were included in the modified factor and exponent. For water pool boiling 

heat transfer, approximately 80% of the predicted data were within an error band of ± 30%. 
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Based on the literature review, the immersion cooling with porous heating surfaces has potential for 

industrial applications. Prior to their implementation in industrial applications, it is vital to determine their 

pool boiling heat transfer performance. Some researchers focus on correlation with refrigerants fluids with 

sintered porous layer or water on metal foams, but until now a correlation of metal foams on dielectric fluid 

was not found. 

 

This work aims to develop an empirical correlation for metal foams surfaces in pool boiling with dielectric 

fluid, taking into account the porous heating surface characteristics (porosity, pore diameter, and thickness), 

the working fluid properties, and the interaction between them. The correlation is proposed based on our 

HTC experimental database. The developed model accurately predicts the experimental database and data 

from the literature for different working fluids and foams parameters. 

 

2. EXPERIMENTAL SETUP AND FOAM SAMPLES 

 
The porous surfaces used in the present study are open-cell metal foam fabricated by using the metal 

deposition as detailed by Ashby et al. [14] and Bahart [15]. They were purchased from Nanoshel® in 500 × 

500 mm
2
 panels with 3 mm thick. In order to use the foam in pool boiling tests, they were cut in a square 

section of 16 × 16 mm
2
 by using a wire electrical discharge machining (wire-EDM). Furthermore, other 

foam thicknesses were used in this work. For the thickness level variation, it was used the electric discharge 

machining process (EDM). Table 1 shows the characteristics of each foam, such as porosity ( ), mean pore 

diameter (  ), mean fiber diameter (  ), area density (   ), and thickness ( ). These parameters were 

obtained by the authors as detailed in Manetti et al. [19].  

 
Table 1 Metals foams characteristics. 

Material 
ε 

(%) 

dp 

(mm) 

df 

(mm) 

asf 

(m
2
/m

3
) 

δ 

(mm) 

Cu 90 ± 0.32 0.52 ± 0.22 0.09 ± 0.04 2166 1 - 3 

Ni 98 ± 0.15 0.22 ± 0.10 0.04 ± 0.02 5133 0.5 - 3 

 

The foams were welded (soldering process described by Groover [20]) on the plain surface to ensure small 

thermal resistance between the foam and the test section (Fig. 1). The process consisted of apply a thin tin 

layer (0.1 mm thickness) 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 cleaned with alcohol and acetone. 

 

 
(b) 

 
(b) 

 

Fig. 1 Heating surfaces: (a) Cu foam 3 mm; and (b) Ni foam 3 mm. 

 

The pool boiling tests were performed in the apparatus shown in Fig. 2, which consists of a rectangular glass 

vessel. Two K-type thermocouples, Tliq, and Tvap, 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, patm = 98 kPa. The test section consisted of a copper piece 

with a square plate on the upper surface (16 × 16 mm
2
) of the copper cylinder. The test section was machined 
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from a unique copper piece in order to avoid thermal contact resistances among its components. Three K-

type thermocouples (T1, T2, and T3) with hot junction diameters of 0.5 mm were embedded within the 

cylinder. The cylinder was 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 was powered by a variable 

DC power source. The test section was thermally insulated from the environment by a radial 

polytetrafluoroethylene (PTFE). More details about the experimental setup and data reduction can be found 

in Manetti et al. [19]. 

 

 
 

Fig. 2 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. 

 

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

 Novec
TM

) at saturated conditions – physical 

properties are listed in Table 2. 

 

Table 2 Thermophysical properties of HFE-7100 at saturated conditions [21, 22]. 

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) 

σ 

(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 at Ilha Solteira, Brazil. 

 

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 and increase the experimental database for the predictive model. 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. 

 

3. RESULTS AND DISCUSSIONS 

 

3.1 Metal Foams Boiling Curves 
 

The first run of the experimental database – boiling curves for both metal foams, Cu and Ni – are presented 

in Fig. 3. In addition, Fig. 4 shows the HTC curves for both surfaces. 
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(a) (b) 

 

Fig. 3 Pool boiling on metal foams at saturated conditions: (a) Cu foams; (b) Ni foams. 

 

  
(a) (b) 

 

Fig. 4 HTC curves: (a) Cu foams; (b) Ni foams. 

 

One may observe in Figs. 3 and 4 that the thickness level variation plays an important role in the boiling 

curves. Higher thickness has a greater wetted area, which can improve the heat transfer at the first heat fluxes 

while some nucleation sites are activated and other regions stayed on natural convection. As the heat fluxes 

increased, more vapor bubbles emerge from the foam structure and the boiling regimes change to fully 

developed nucleate boiling. In this range of heat fluxes, there is a competition of the convection area (wetted 
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area) and vapor bubble resistance to outlet the foam structure. Therefore, for each heat fluxes range, there is 

an optimum thickness. 

 

Another parameter on the foam heat transfer phenomenon is the pore diameter, which is correlated to the 

specific area (area density) as reported by Calmidi and Mahajan [23]; a lower pore diameter can result in a 

better heat transfer performance at low heat fluxes; however, with high thickness, it could increase the vapor 

bubble resistance decreasing the HTC. 

 

Finally, the foam material properties, specifically the thermal conductivity, also play an important role in 

thermal behavior; the highest the thermal conductivity of the foam material the highest the effective foam 

thermal conductivity [23, 24] and, consequently, the highest the foaming efficiency (fin efficiency). 

 

3.2 Prediction of the Experimental Database by Using Known Correlations 
 

As cited in the Introduction Section, Nishikawa and Ito [17] correlated their data to predict the Nusselt 

number as follow: 
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(
  

  
)
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where  ,    ,   ,   ,   , and    represent the fluid thermophysical properties: surface tension [N/m], latent 

heat of vaporization [J/kg], thermal conductivity [W/m.K], liquid and vapor density [kg/m
3
], and dynamic 

viscosity [kg/m.s], respectively. In addition,     represents the sintered particle diameter (solid phase of the 

porous medium) and    is the thermal conductivity of the porous medium given by the parallel model:  
 

       (   )   (2) 

 

In order to evaluate the capability of the previous correlation to predict HTC results for pool boiling, the 

experimental database was compared with the values of calculated HTC. Thus, to apply our database in 

Nishikawa and Ito [17] correlation, we changed     to the foam fiber diameter,   , because they are both the 

solid phase of the porous medium. In addition, the data after the highest HTC of each curve, Fig. 4, was 

removed because the predictive model does not consider the dryout phenomenon. Fig. 5 shows the HTC 

calculated by the previous correlation versus the experimental database. In addition, Table 3 presents the 

statistical analysis between experimental and predicted data, including the parcel of data predicted within an 

error band of ± 30%,    , and the mean average percentage error, MAPE, defined as follows: 

 

      

∑ |
         

    
| 

   

 
 

(3) 

 

Table 3 Comparison between HTC experimental database used in the present study and HTC predictive 

method from the Nishikawa and Ito [17]. 

Curve MAPE     

Cu foam 3 mm 18% 76% 

Cu foam 2 mm 19% 85% 

Cu foam 1 mm 110% 0% 

Ni foam 3 mm 50% 6% 

Ni foam 2 mm 44% 11% 

Ni foam 1 mm 24% 82% 

Ni foam 0.5 mm 32% 65% 

Average 42% 46% 
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Fig. 5 Comparison between HTC experimental database used in the present study and HTC predictive 

methods from Nishikawa and Ito [17]. 

 

It is expected that the experimental database does not fit well with the Nishikawa and Ito correlation [17] 

mainly due to the surface characteristics. The sintered particle layer tested by Nishikawa and Ito [17] had a 

porosity range from 0.38 to 0.71 while our metal foams samples are from 0.9 to 0.98. Moreover, the particles 

layer had higher particles diameter than the metal foam fiber diameter. 

 

3.3 New Pool Boiling HTC Predictive Model for Metal Foams 
 

The newly developed correlation is obtained based on the Buckingham π theorem [25] to formulate the 

independent variables chosen to represent the dependent parameters. The application of this theorem first 

requires a decision on which of the parameters play roles on the nucleate boiling. First, the boiling 

phenomenon is dependent on the heat flux,    . Next, as previously mentioned, the boiling HTC on metal 

foams is a function of surface characteristics; thus, the proposed correlation takes into account the effect of 

foam thickness ( ), pore diameter (  ) and porous media thermal conductivity or effective thermal 

conductivity (    ). Moreover, the fluid thermophysical properties such as the saturation temperature,     ; 

the characteristic length (capillary length),   ; the latent heat of vaporization,    ; specific heat of the liquid, 

   
; and dynamic viscosity of the liquid,    also, are important parameters for the HTC predictive model. 

Finally, the following functional relation can be written: 

 

   (                
                     ) (4) 

 

The    10 variables are listed in the dimension MLTΘ [26] that implies in     4 repeating variables 

(              
) resulting in        6 dimensionless variables. 

 

The first dimensionless number obtained is the Nusselt number, 

 

      
    

    
 (5) 

 

which is similar to the Nusselt obtained by Teodori et al. [11] and Kiyomura et al. [27]; however, it 

incorporates the effective thermal conductivity from the porous media. 
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The second dimensionless number,  

 

   
      

        
 (6) 

 

is the only one where the heat flux,    , appears. That dimensionless number represents the heat flux from 

conduction in the porous media. A similar dimensionless number was obtained by Teodori et al. [11] and 

Stephan and Abdelsalam [15].  

 

The Prandtl number appears as the third dimensionless number, 

 

      
   

  

    
 (7) 

 

the Prandtl number was used by Rohsenow [13] to develop his correlation. According to him, the Prandtl 

number is important because the heat transfer occurs directly from the heating surface to the adjacent liquid, 

adapting a single-phase forced convection heat transfer model to nucleate pool boiling. As reported by 

Gerardi et al. [10], Teodori et al. [11] and Thiagarajan et al. [28], the quenching effect, i.e., the heat transfer 

due to the re-formation of the thermal boundary layer, plays an important role on the nucleate boiling heat 

transfer. 

 

A modified Jakob number, which accounts the sensible heat and the latent heat of vaporization, is the fourth 

dimensionless number, as follow, 

 

         
   

    

   
 (8) 

 

Up to now, the foam properties only was added in the effective thermal conductivity. The following numbers 

take into account the dimension characteristic from the metal foam. First, 

 

   
 

  
 (9) 

 

which is important due to the effect of thickness in the HTC, as shown in Fig. 4. 

 

Next, 

 

   
  

  
 (10) 

 

is a dimensionless number similar to the dimensionless number proposed by Zhang et al. [29], which 

represents both capillary wicking and flow resistance. 

 

Once all the    groups were identified, the new correlation for the pool boiling HTC on metal foams can be 

written as, 
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where C and the exponent ai are constant, except a4 that was defined by the authors as a function of the heat 

flux, 
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that is an inverse „S-shaped‟ curve, which takes into account the effect of the thickness in the boiling curve 

of metal foams. At low heat fluxes, as higher thickness results in higher HTC and vice-versa due to the 

balance of heat transfer area and vapor bubble resistance. 

 

Based on the regression analysis of the experimental database by using the least-squares method 

implemented on SciPy, a Python-based library, the following correlation is proposed: 
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where, 

 

 (   )  
     

         (                     )
      (14) 

 

and      is given by the model from Boomsma and Poulikakos (2001), 

 

     
√ 

  (           )
 (15) 

 

where the parameter   ,   ,   , and    is given by Boomsma and Poulikakos [24]. Figure 6 shows the 

linear regression results. The dimensionless numbers showed a greater contribution of the transient heat 

conduction and single-phase convection than the latent heat. In addition, as the pore diameter decreases the HTC 

increases. 

 

 
 

Fig. 6. Linear regression results. 

 

3.4 Evaluation of the Proposed Correlation 
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In order to evaluate the performance of the proposed correlation, the predicted values and the experimental 

HTCs are plotted in Fig. 7. The proposed correlation predicts mostly of the experimental database, predicting 

93% of the experimental data within an error band of ± 30% and with a MAPE of 13% (Table 4). 

 

 
Fig. 7 Comparison between the predicted values and the experimental HTC. 

 

Table 4 Comparison between HTC experimental database used in the present study and HTC predictive 

method. 

Curve MAPE     

Cu foam 3 mm 10% 97% 

Cu foam 2 mm 15% 92% 

Cu foam 1 mm 13% 88% 

Ni foam 3 mm 16% 94% 

Ni foam 2 mm 16% 89% 

Ni foam 1 mm 10% 100% 

Ni foam 0.5 mm 12% 87% 

Average 13% 93% 

 

Moreover, the performance of the proposed correlation was evaluated by comparing it with 589 experimental 

data points obtained by other authors, namely by Atherya et al. [30], Moghaddam et al. [31] and Xu et al. 

[32]. Atherya et al. [30] used aluminum foams on boiling of FC-72 while Moghaddam et al. [31] used copper 

foams on boiling FC-72. Xu et al. [32] also used copper foams, however, they used acetone as the working 

fluid; even though the working fluids were different from our experimental database, they were considered 

due to the wetting fluid behavior. Figure 8 shows the prediction of the independent experimental data from 

the literature and Table 5 shows the error analysis.  
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Fig. 8 Comparison between the predicted values and the HTC experimental data from the literature for 

wetting fluids on metal foams. 

 

Table 5 Comparison between HTC experimental data from the literature [30 - 32] and HTC predictive 

method. 

Author/Curve MAPE     

Atherya et al. 2002, FC72, 5 PPI (0.93, 2.3 mm) 54% 0% 

Atherya et al. 2002, FC72, 40 PPI (0.94, 6.4 mm) 33% 56% 

Moghaddam et al. 2003, FC72, 30 PPI (0.95, 3 mm) 51% 11% 

Moghaddam et al. 2003, FC72, 80 PPI (0.95, 3 mm) 21% 71% 

Xu et al. 2008, Acetone, 30 PPI (0.88, 3 mm) 20% 100% 

Xu et al. 2008, Acetone, 60 PPI (0.88, 3 mm) 6% 100% 

Xu et al. 2008, Acetone, 90 PPI (0.88, 3 mm) 29% 55% 

Xu et al. 2008, Acetone, 30 PPI (0.95, 3 mm) 9% 100% 

Xu et al. 2008, Acetone, 60 PPI (0.95, 3 mm) 10% 100% 

Xu et al. 2008, Acetone, 90 PPI (0.95, 3 mm) 15% 90% 

Average 25% 68% 

 

6. CONCLUSIONS 
 

A predictive model was proposed for the heat transfer coefficient (HTC) of wetting/dielectric fluids on metal 

foams. The correlation was based on the dimensional analysis - Buckingham π theorem – by using the regression 

of experimental database. The following conclusions can be drawn from the present study: 

 The developed model predicts accurately the boiling heat transfer behavior of dielectric fluids with 

metal foams; the mean absolute error was close to 13% and 25% for our experimental database and for 

data from the literature, respectively. 

 The dimensionless numbers showed a greater contribution of the transient heat conduction and single-

phase convection than the latent heat. In addition, as the pore diameter decreases the HTC increases. 

The thickness presents a variable exponent, which is a function of the heat flux, due to the balance of 

heat transfer area and vapor bubble resistance. 
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 The developed model accurately predicts 93% of the experimental data within an error band of ± 30%; 

moreover, the developed model predicts 68% (within the ± 30% error band) of data from the literature 

for different working fluids and foams parameters. 
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NOMENCLATURE 
 

    Area density (m
-1

) 

   Fiber diameter (m) 

   Pore diameter (m) 

    Sintered particle diameter (m) 

     Calculated/Predicted heat transfer coefficient  (W/m
2
K) 

     Experimental heat transfer coefficient  (W/m
2
K) 

        Effective thermal conductivity of the porous media (W/mK) 

  Thickness (m) 

  Porosity (-) 
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