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ABSTRACT 

Separate sensible and latent cooling systems offer significant increases in the overall 

performance of cooling/dehumidification systems compared to conventional vapor-compression 

air-conditioning systems. Key to the energy efficiency of such systems is the performance of the 

heat and mass exchangers that provide sensible cooling and dehumidification. Metal foams have 

emerged as a potential material for advanced heat exchangers in air-cooling systems. Metal 

foams have a large surface-area-to-volume ratio and a tortuous structure, which promotes flow 

mixing in heat exchanger applications. The subject of this thesis is the use of metal foams for air-

side heat and mass transfer in air-conditioning heat exchangers.  

In this work, the thermal-hydraulic performance of metal foams is studied. Experimental data are 

obtained, leading to new correlations for the friction factor and the Colburn j factor, valid over a 

wide range of foam geometry and flow rate. Geometrical parameters (pore size, ligament size, 

etc.), the base metal of the metal foam, and the geometry of the heat exchanger govern its 

performance. Metal foams are shown to provide very high air-side heat transfer coefficients, but 

they also induce high pressure drops.  Notwithstanding potential increases in the fan power, it is 

shown that the overall thermal-hydraulic performance of metal foams can surpass the 

performance of louvered-fin heat exchangers. Hence, metal foams can compete with state-of-the-

art heat exchangers in managing the sensible load.  

In order to manage the latent load, metal foams are studied as substrates for aerogel desiccants. 

Silica aerogels are excellent desiccants, with much higher moisture adsorption rates and 

capacities than other solid desiccants, such as carbon sieves or salts. In this work, it is shown that 

silica aerogel can be deployed over the large surface area of metal foams in the form of a thin 
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film. In this way, the effect of the low thermal conductivity of the desiccant can be mitigated, 

allowing the heat of adsorption to be removed and regeneration heat to be added via the metal 

foam substrate. The dehumidification performance of silica aerogels is affected by their micro-

structure, which depends on the catalyst used in the sol-gel process to manufacture the 

desiccants. Dynamic vapor sorption experiments are used to determine mass diffusivity, and the 

data show that silica aerogel coated on metal foam has the same mass diffusivity in 

adsorption/desorption as bulk silica aerogel; however, the catalyst used in the sol-gel process 

significantly affects the mass diffusivity. A silica aerogel coating prepared using hydrofluoric 

acid as a catalyst (with tetra methyl orthosilicate as a precipitator and methanol as a solvent) 

results in a mass diffusivity that can be an order of magnitude higher than using other catalysts, 

such as potassium hydroxide, steric acid etc. Analysis of the simultaneous heat and mass transfer 

processes in the silica aerogel coating shows that the moisture adsorption rate and the moisture 

saturation time depend on the type of foam and the thickness of coating, as well as the 

thermophysical properties of the desiccant coating. Silica aerogel coated on the metal foams 

provides better moisture removal rate and adsorption capacity per unit volume than does a coated 

flat plate or louvered-fin substrate. 

Metal foam heat and mass exchangers have excellent thermal-hydraulic performance and may 

find application in separate sensible and latent cooling systems for air conditioning. However, 

questions regarding fouling, manufacturing cost, and heat exchanger geometry constraints 

remain to be addressed. 
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Chapter 1- Introduction 

 

1.1 Research background 

 

Commercial and residential buildings consume one-third of the power produced world-

wide [1.1]. In the United States alone, buildings use 40% of total energy, including 27% of 

electricity generation, 12% of water consumption and 60% of all non-industrial waste [1.1]. By 

2025, buildings worldwide will be the largest consumers of global energy - greater than the 

transportation and industry sectors combined [1.1]. A considerable part of this energy is used to 

maintain moisture levels for comfort and process control. The humidity level can be controlled 

using liquid or solid desiccant systems. Solid desiccants are preferred over liquid-desiccant 

systems due to the ease of application. Unlike liquid desiccants they do not undergo any 

chemical change during the moisture removal process. Different types of solid desiccants, such 

as a molecular sieve, activated carbon, and silica aerogel etc., employed for humidity control 

have a microscopic porous structure. When they are used in air conditioning, refrigeration, and 

cryogenic systems, the system performance is affected by the desiccant characteristics, such as 

pore size, porosity, and diffusion coefficient. The solid desiccant can be deployed by coating a 

solid surface (a substrate). The characteristics of the substrate, such as surface area and thermal 

conductivity, affect the moisture removal performance considerably. Therefore, an appropriate 

selection of desiccant and substrate is important to the overall performance of the dehumidifying 

system. 

One candidate for a substrate material is metal foam. There has been considerable interest 

in establishing the thermal-hydraulic performance of metal foams when used as a heat 
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exchanger. Despite manufacturing and implementation issues, these materials hold promise as 

both heat exchangers and heat sinks [1.2]. The open porosity, low relative density, high thermal 

conductivity, large surface area per unit volume, and the ability to enhance fluid mixing can 

make metal foam thermal management devices efficient, compact, and light-weight. Metal foam 

heat exchangers are anticipated to have relatively large pressure drop, but they are also expected 

to have a large heat transfer rate compared to conventional fins. This expectation is reinforced by 

the complex geometry of the foams, which results in a high degree of boundary layer restarting 

and wake destruction by mixing. Due to the relatively recent emergence and complex structure 

of metal foams, they are still incompletely characterized. Interest in using metal foams for heat 

exchangers and other applications motivates continued research on their properties. Central to 

this need is an accurate evaluation of the flow characteristics to assist in making the trade-off 

analysis between the increased heat transfer and the associated increase in the pressure drop for 

foam heat exchanger and heat sink designs. 

After determining their thermal-hydraulic performance as heat exchangers, metal foams 

can be used as substrates for silica aerogel desiccants, and this method of dehumidification is a 

promising alternative to mechanical vapor-compression systems. The main advantage of 

desiccant systems is the separate handling of latent and sensible energy loads, thus improving 

efficiency by 30-50% in air cooling and dehumidification [1.3].  

The current study is focused on evaluating the dehumidification performance of aerogel-

coated metal foams.  

 

 

 



3 
 

1.2 Separate sensible and latent cooling (SSLC) systems  

1.2.1 Introduction to SSLC system 

During operation the conventional air-conditioning system manages two kinds of cooling 

loads, the sensible and latent loads. The sensible cooling is achieved by an evaporator through 

reducing the temperature of the supply air. During conventional operation the refrigerant 

temperature in the evaporator is below the dew point of the supply air, and moisture in the air 

condenses on the evaporator and therefore reduces the humidity ratio of the delivered air. Thus, 

the latent heat is removed due to the condensation of water vapor in the air. 

Theoretically, the process of supply air flowing through the evaporator follows the path that 

is composed of a horizontal sensible load removal part (point A to point B) and a latent load 

removal part along the 100% relative humidity (RH) line from B to C as presented in Figure 1.1. 

Commonly, the temperature of point C is too low for thermal comfort, therefore a reheat process 

is sometimes performed by which temperature is increased from point C to the temperature of 

point D. The reheat process, usually carried out by electric heaters, requires extra energy input 

and increases the total net energy input. Hence, the reheat process reduces the overall 

performance of the system. 
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Figure 1.1 Operation of conventional air conditioning system 

The reheat process in conventional systems is required due to the coupled control of sensible 

and latent cooling. The path from point B to point C along the 100% RH line reveals that the 

amount of latent cooling and the amount of sensible cooling are coupled.  Hence, removing a 

certain amount of water vapor requires an accompanying ratio of temperature reduction. 

Therefore, the more the latent cooling takes place the more likely sensible over-cooling will 

result. Such a dependent relationship not only increases the cost of operation, but also causes a 

control issue in conventional systems. For example, when there are more people in the building, 

extra latent cooling (the vertical blue arrow pointing downward) is required. The supply air point 

moves downwards to point Cô. Meanwhile, an unnecessary amount of sensible cooling has to be 

added to the room as well. This requires more reheat power input to increase temperature for 

thermal comfort and further reduces the performance of the HVAC system.  

(k
P

a)
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Separate sensible and latent cooling (SSLC) systems are considered a possible alternative 

to conventional air conditioning systems. The psychrometric process of a SSLC system is 

presented in Figure 1.2. This system consists of one vapor compression system and one solid 

desiccant wheel (enthalpy wheel). The vapor compression system provides only sensible cooling 

(point A to point B) required by the conditioned space at both elevated air temperature leaving 

the evaporator and a higher air mass flow rate. The reason for a higher air mass flow rate 

requirement is to compensate for the reduced enthalpy difference of air across the evaporator, 

and to maintain the capacity of sensible cooling. Since the vapor compression system operates 

above the dew point temperature of supply air and is not required to provide the latent cooling, 

the desiccant wheel is used to reduce the water vapor content in the part of the air leaving from 

the sensible evaporator. The part of the dry air from the desiccant wheel mixes with the rest of 

the air from the evaporator and is delivered to the conditioned space (point D).  

 

Figure 1.2 Operation of SSLC system (with enthalpy wheel) 

(k
P

a)
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To summarize, SSLC systems have two features that distinguish them from the conventional 

systems. First, since the vapor compression system used in an SSLC system operates above the 

dew point temperature, the supply air temperature is thermally comfortable and can be sent to the 

conditioned room directly. Hence, no reheat is necessary in SSLC systems. Secondly, an SSLC 

system uses a vapor compression system to provide sensible cooling. As a consequence, any 

fluctuations in sensible cooling demand can be simply met by changing the capacity of the vapor 

compression system. In order to meet the fluctuations of latent cooling demand, the capacity of 

the desiccant system can be enhanced, for example the rotation speed of the enthalpy wheel can 

be adjusted to provide the latent cooling load. However, it should be noted that the loads are still 

coupled due to the mixing of streams, and such processes can be performed within a limited 

range of operation. Any latent cooling demand change beyond the reach of the rotation speed 

adjustment will be unmet. Such drawbacks justify the need of a desiccant moisture removal 

device with more independent load matching and better operation control. Furthermore, although 

a desiccant wheel is a stand-alone device providing latent cooling, any amount of the latent 

capacity change would theoretically lead to the same amount of change in sensible heat 

generation. Therefore, the vapor compression system must increase the cooling capacity to cover 

the extra heat. Thus, there is still a link between the processes in vapor compression system and 

desiccant wheel and the independent treatment is sometimes leads to impractical conclusions. 

1.2.2 Literature review 

Two different configurations of SSLC systems have been proposed in the literature. One 

SSLC system consists of two vapor compression cycles and the other one consists of one vapor 

compression cycle and one solid desiccant wheel. The first configuration was theoretically studied 

and simulated under different ambient conditions. The second configuration was studied both 
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theoretically and experimentally because of its better performance. Ling et al. [1.4] proposed to 

separate the sensible and latent loads using two vapor compression systems. The first system 

removed sensible heat only, while the second system removed both latent and a small amount of 

sensible heat. Under the standard ambient conditions (35°C, 44% relative humidity (RH)), the energy 

consumption of such an SSLC system was reduced by 30% compared to that of a conventional 

system, and the savings was reported to be up to 50% under the hot and dry condition (37°C, 15% 

RH).  

Many studies have focused on the use of a vapor compression cycle for the sensible load and 

solid/liquid desiccant equipment for the latent load. Yadav [1.5] investigated a hybrid system 

consisting of a liquid desiccant and a vapor compression system. The objective of the study was to 

find the best operating condition of such a system, and the conclusion was that the system performed 

well for a low sensible heat factor (SHF) or when the ambient humidity ratio was high. The SHF is 

defined as the ratio of sensible heat over the total heat load. Dai et al. [1.6] studied the application of 

integrating a liquid desiccant device and a vapor compression cycle. The experiment was conducted 

under the AHRI standard 210/240 conditions (35°C, 44% RH, AHRI, 2008) and the cooling capacity 

was 5 kW. The coefficient of performance (COP) of the vapor compression cycle improved from 2.2 

to 3.39 because of the assistance from the liquid desiccant. Ma et al. [1.7] utilized a similar 

configuration to a larger scale application. A green building demonstration project in Shanghai 

required a total of 60 kW cooling capacity, and the latent cooling was provided by a liquid desiccant 

unit that was regenerated by the heat from condenser. A similar study was also reported by 

Katejanekarn and Kumar [1.8], where solar energy was used for regeneration.  

Dhar and Singh [1.9] simulated a hybrid system of a solid desiccant wheel (DW) and a vapor 

compression cycle. They demonstrated that the hybrid system had maximum energy savings under 

hot and dry weather. Depending on the desiccant material, the temperatures of regeneration can vary 

from 50°C to above 100°C; therefore, different heat sources are reported to drive desiccant devices. 
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Jia et al. [1.10] studied the performance of a solid desiccant wheel using lithium chloride as the 

adsorbent. The temperature required to regenerate the wheel was set to be 100°C, and one 

regeneration heater was used as a heat source. Ghali [1.11] numerically simulated a hybrid system in 

the ambient conditions. The main feature of this hybrid system was that the regenerative heat needed 

by the desiccant wheel was partly supplied by the condenser, while the rest was supplied by an 

auxiliary gas heater. Casas and Schmitz [1.12] studied the integration of a DW and a cooling, 

heating, and power (CHP) unit. In their study, the waste heat from the CHP unit could be utilized for 

lithium chloride regeneration. However, the regeneration temperature was only in the range of 50°C 

to 60°C. The difference in regeneration temperatures in these studies may be caused by different 

dehumidification requirements.  

An exergy analysis of a solar driven hybrid system was presented by Ahmed et al. [1.13]. 

They compared the performance of the hybrid system operated at different ambient conditions and 

different mass flow rates through the desiccant wheel. Ling et al. [1.14] provided a theoretical and 

experimental study of the integration of VCC and a low-temperature-regenerated desiccant 

wheel. A major challenge for this kind of system is to balance the performance of the desiccant 

wheel and the COP of the vapor compression cycle. Zadpoor and Golshan [1.15] simulated the 

effect of applying desiccant-based evaporative cooling systems to a gas turbine cycle. The 

outdoor air, in this study, is fed to a desiccant wheel first and then to an EC device. This results 

in a lower outlet air temperature than a stand-alone EC device can provide. The system is useful 

especially in hot and humid conditions, in which the wet bulb temperature is not low enough 

compared to the air temperature. Lazzarin [1.16] numerically investigated both the direct EC and 

indirect EC under various conditions and proposed a new diagram-based analysis method to 

determine whether or not using EC is profitable. The integration of heat recovery wheels, i.e., 

sensible wheels (SW), and enthalpy wheels (EW) into SSLC systems also has been investigated. 
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Jeong and Mumma [1.17] developed practical EW effectiveness correlations based on extant 

complex formulations and models using statistical methods. The correlations relate the sensible 

and latent effectiveness of the EW to six variables, including entering air temperature and 

relative humidity. The two types of EW materials considered in the paper were silica gel and a 

molecular sieve. Nobrega and Brum [1.18] developed a mathematical model for the adiabatic 

adsorption within silica-gel and used it to simulate the performance of an enthalpy wheel and 

found an optimal non-dimensional revolution rate at which the enthalpy recovery is maximized.  

 

1.3 A new SSLC system 

1.3.1 Research undertaken 

Despite earlier studies on heat sinks made of metal foams, there is very little research available 

on the thermal-hydraulic performance of metal foams when used under the conditions prevailing 

in HVAC systems, particularly under dehumidifying conditions. The experimental data for 

thermal-hydraulic performance of metal foam heat sinks is limited and covers a small part of the 

parameter space encountered in HVAC systems. In order to make comparisons to existing 

compact heat exchanger designs, such as louvered-fin heat exchangers, experimental data are 

needed. In this work, a study to provide general correlations for pressure drop and heat transfer 

based on a wide range of experimental conditions and geometrical parameters (pore size, flow 

depth etc.) was pursued. 

Silica aerogel is being used as a solid desiccant in enthalpy wheels, but there has been no 

serious effort to characterize silica aerogel dehumidification and related it to microstructure. 

Hence the adsorption and desorption performance of silica aerogels prepared by different 



10 
 

methods, has yet to be determined. In this work, silica aerogels having different chemical 

compositions were analyzed for their microstructure and adsorption and desorption behavior.  

A device consisting of metal foam coated with silica aerogels (a macroscopic porous 

media coated with microscopic porous media) for dehumidification purposes has never been 

fabricated and characterized. Yet, as suggested in the literature review, there are good reasons to 

believe such a system can provide more effective humidification and dehumidification due to 

large surface area of a conductive substrate (metal foams) coated with silica aerogels. Hence, in 

this work this new desiccant system was constructed, and then its potential advantages and 

disadvantages in comparison to conventional systems were explored. 

1.3.2 Statement of objectives 

The objectives of this work included the following: 

1. Characterize the thermal-hydraulic performance of metal foam heat exchangers under dry 

conditions, including the effects of foam pore size, base metal, fin depth, bonding 

method, and overall heat exchanger geometry. 

2. Characterize the microstructure of the silica aerogels prepared using different solvents, 

catalysts, drying processes, and aging.  

3. Establish the adsorption and desorption behavior of silica aerogels under equilibrium and 

transient conditions and obtain the data necessary to design dehumidification systems 

using these materials. 

4. Develop an effective procedure for coating of metal foams with aerogels. 

5. Develop a mathematical model for combined heat and mass transfer in aerogel-coated 

metal foams. 
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6. Quantify adsorption/desorption behavior of the coated metal foams and assess the 

feasibility of constructing a full-scale dehumidification system based on this new 

technology. 

1.3.3 Summary of the thesis 

The thermal-hydraulic performance of metal foam heat exchangers is discussed in 

Chapter 2. Pressure drop and heat transfer data for the bare substrate surface provides 

information for the suitability of metal foams to be used as substrates.  

The adsorption and desorption performance of silica aerogels is presented in Chapter 3. 

The mass diffusivity and adsorption/desorption isotherms have been determined; the results 

are used to investigate the dehumidification performance of silica aerogels as desiccants 

The adsorption and desorption performance of aerogel coated metal foams are explored 

in Chapter 4. The mass diffusion coefficients and equilibrium isotherms are determined for 

the deployed aerogel, in order to evaluate the effect of better thermal conductivity and higher 

surface area provided by the metal foam substrate.  

A simultaneous heat and mass transfer model to predict the adsorption/desorption 

performance of a silica aerogel coated metal foam device for dehumidification applications is 

developed in Chapter 5. 

A brief summary of the research, including the rate of moisture removal by a 

dehumidification device consisting of metal foams coated with silica aerogels, is provided in 

Chapter 6.   
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Chapter 2- Thermal-hydraulic performance of metal foams 

 

2.1 Introduction 

Recent advances in manufacturing techniques have made possible a broader use of metal 

foams and metal matrix composites (MMCs) for heat transfer applications. They are 

characterized by the size of the windows (or pore diameter) which correlates to the nominal pore 

density (usually as pores per inch-PPI), the strut diameter and length, and the porosity ‐ (volume 

of void divided by the total volume of the solid matrix and void). Some of the length scales for 

metal foams are defined in Figure 2.1. 

  

(a)                                                        (b) 

Figure 2.1 Definition of length scale for metal foams (a) 20 and 5 PPI (b) Pore diameter (blue), 

strut diameter (red) 

Metal foams have attractive properties for heat transfer applications and have been used for 

thermal applications in cryogenics, combustion chambers, geothermal systems, petroleum 

reservoirs, catalytic beds, compact heat exchangers for airborne equipment, air cooled 

condensers and compact heat sinks for power electronics. Despite manufacturing and 

implementation issues, these materials hold promise both for heat exchangers and heat sinks 

1 in 1 in 

5 PPI 20 PPI 

500 ɛm 
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[2.1]. Large porosity (‐ πȢωπ, low relative density, high thermal conductivity of the cell 

edges, large accessible surface area per unit volume, and the ability to mix the cooling fluid 

contribute to making the metal foam thermal management devices efficient, compact, and light-

weight. If metal foams are to be widely used in thermal systems, their pressure-drop and heat 

transfer characteristics must be available to potential users in terms that fit into the current design 

methods. This paper focuses on the experimental analysis of pressure drop and heat transfer for 

air flow in metal foams heat exchangers with different pore size, geometry and base metal.  

 

2.2 Literature review 

2.2.1 Pressure drop in metal foams 

Metal foams are a relatively new class of materials. Due to their recent emergence and 

complex structure, they are not yet completely characterized. Interest in using them in 

contemporary technologies makes the need for fully characterizing them more urgent. Central to 

this need is an accurate evaluation of the flow characteristics to assist in making the trade-off 

analysis between the increased heat transfer and the associated increase in the pressure drop for 

foam heat exchanger and heat sink designs. Extensive reviews of the topic of the fluid flow in the 

porous media in general can be found in the open literature [2.2ï2.4].  

Different experimental and analytical studies have been conducted to characterize the 

fluid flow in a porous matrix on the basis of macroscopically measurable flow quantities.  Darcy 

established the well-known Darcyôs law [2.5] which states that the pressure-drop per unit length 

for a flow through a porous medium is proportional to the product of the fluid velocity and the 

dynamic viscosity and inversely proportional to the permeability (Ўὖὒϳ ‘ὠὑϳ ). Though this 

correlation is frequently used for various flow problem through porous media (e.g. flow through 

soil), however it is applicable only when the permeability based Reynolds number is very small 
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(ὙὩ ”ὠЍὑ‘ ὕρ). As the ὙὩ for the flow through metal foams are of the order 10 or 

100, conventional Darcy flow model can not be directly used to predict the pressure gradients.  

Seguin et al. [2.6] experimentally investigated the flow regimes in various porous media. 

The onset of the turbulent flow regime was found to occur at a Reynolds number equal to 470. 

The Reynolds number was defined based on the pore diameter of metal foams. Lage et al. [2.7] 

reviewed Darcyôs Law [2.5] and modified it for the flow through metal foams. They argued that 

the ratio between the form and the viscous forces should be used to mark the transition from the 

linear to the quadratic flow regimes of the pressure drop behavior. They concluded that the 

transition is material specific and depends on the internal geometry of the porous medium. 

Crosnier et al. [2.9] studied air flow through 20 and 40 PPI
1
 aluminum foam and 20 PPI stainless 

steel foam. The porosities of all foam samples were above 90%. The transition from the laminar 

to the turbulent regime took place at a Darcian velocity of about 1m/s. Tadrist et al. [2.10] 

investigated the use of aluminum foam with high porosity (above 90 %) for compact heat 

exchangers. They experimentally determined permeability and friction coefficients and used an 

Ergun-type [2.8] relation between the pressure gradient and the velocity in the foam.  

Bhattacharya et al. [2.11] determined the values for the permeability and the friction 

coefficient for aluminum foam experimentally. Experiments covered porosities from 90 to 98% 

and pore densities of 5, 10, 20, and 40 PPI. Permeability increased with the pore diameter and 

porosity, while the friction coefficient depended only on the porosity. Boomsma et al. [2.12] 

modeled the flow through aluminum foam using a periodic unit of eight cells. They concluded 

that the pore diameter was a more practical scale to determine the Reynolds number compared to 

the empirically determined permeability for metal foams.   

                                                           
1
 Pore size is commonly given in pores per inch, designated as PPI. 
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Naakteboren et al. [2.13] investigated the entrance/exit effects on the pressure drop 

analytically and numerically using analogies between flow through slotted plates placed along a 

flow channel and the flow through porous media. They concluded that for a porous medium with 

length greater than one hundred times the pore size, the core pressure (due to the porous 

medium) dominated, and the entrance/exit effects could be ignored. Innocentini et al. [2.14] 

studied the effect of both sample thickness and the sample fixture on the pressure drop in nickelï

chromium foam. The effect of thickness on the pressure drop was found to be quite small when 

the data were compared for different samples at various face velocities.  

2. 2.2   Heat transfer in metal foams 

Metal foams are anticipated to have relatively large pressure drop per unit length with a 

large heat transfer coefficient. This expectation is reinforced by the complex geometry of the 

foams which results in a high degree of boundary layer restarting and wake destruction by 

mixing. Over the past few decades, many researchers have studied the heat transfer 

characteristics of porous media. Zhao [2.15] reviewed the literature related to the thermal 

transport in metal foams. The study covered effective thermal conductivity, forced convection, 

natural convection, thermal radiation, pool boiling and flow boiling heat transfer, solid/liquid 

phase change heat transfer and catalytic reactor. He concluded that most of the research treated 

the metal foam as one type of effective continuous porous media and only a few studies 

investigated the detailed thermal behavior at the pore level. Ribeiro et al. [2.16] investigated the 

use of copper foams for small-scale refrigeration systems. Experiments were performed with 

microchannel condensers using foams with different porosities (0.893 and 0.947) and pore sizes 

(10 and 20 PPI). They concluded that the pore size of the metal foam was the most influential 
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parameter in determining the air-side heat transfer rate and pressure drop of the metal foam 

condensers.  

Calmidi and Mahajan [2.17] characterized the heat transfer behavior of different 

aluminum foams samples using a wind tunnel. The experiments were conducted by heating the 

base of the foam and using air as the cooling fluid. Based on the geometry of the foams, they 

developed a correlation to predict the thermal performance of the foams. Younis and Viskanta 

[2.18] presented an experimental investigation to characterize the volumetric heat transfer 

coefficient between a heated air stream and ceramic foams (alumina and cordierite) by using 

transient single-blow technique. Dukhan and Chen [2.19] presented heat transfer measurements 

inside rectangular blocks of commercially available aluminum foam subjected to constant heat 

flux at one side and cooled by air. The temperature profile in the foam decayed exponentially 

with distance from the heated base. Dai et al. [2.20] reviewed the mechanistic basis of the 

Boomsma-Poulikakos model [2.21] to predict the thermal conductivity of the aluminum foams, 

correcting it and providing an extension to account for ligament orientation. The new model 

provided more accurate predictions of effective thermal conductivity. 

In an application study based on their prior work, Dai et al. [2.22] compared the heat 

transfer and pressure drop performance of metal-foam heat exchangers to another state-of-the-art 

heat exchanger. In the analysis, two heat exchangers were subjected to identical performance 

requirements, and the resulting volumes, masses, and costs were compared. Metal foam heat 

exchangers were found to meet the thermal requirements at lower volume and mass, but at a 

higher cost. Nawaz et al. [2.23] considered open-cell aluminum metal foam as a highly compact 

replacement for conventional fins in heat exchangers. Heat transfer and pressure drop data for a 

10 PPI metal foam heat exchanger were evaluated by wind-tunnel experiments in order to make 
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the comparison with the louver-fin heat exchangers. Moffat et al. [2.24] showed that three 

parameters must be known to calculate the heat transfer performance of a foam-fin: the 

convective conductance per unit volume, the effective conduction as a fin, and the effective 

thermal resistance between the foam and the surface to which it was attached. They developed a 

new test method, which, in conjunction with transient single-blow test, allowed all three 

parameters to be measured using one specimen.  

In the current study, experimental results are presented for air flowing through a spectrum 

of commercially available metal foams. Based on the experiments, a model for predicting the 

pressure drop and heat transfer in metal foams is developed using easily measurable parameters. 

The pressure drop model assumes an Ergun-type dependence of the permeability on the porosity 

and relies on experiments to determine important transport parameters. The experimental data 

and thermal-hydraulic correlations provide key information needed for computing the pumping 

power and air side heat transfer rate for metal foam heat exchanger design, optimization and 

comparison to other heat exchangers.  

 

2.3 Experimentation 

2.3.1 Experimental apparatus and methods 

A closed-loop wind tunnel apparatus was used to investigate the thermal-hydraulic 

performance of metal foam heat exchangers. As shown in the schematic of wind tunnel (Figure 

2.2), air downstream of test section passed through a set of electric strip heaters, past a steam 

injector, through an axial blower and another set of strip heaters, a flow nozzle, a mixing 

chamber, a flow conditioning section, a flow contraction, and the test section, completing the 

loop. The heaters and steam injector were used to maintain the desired upstream air temperature 
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and dew point at steady state. The air temperature was measured using thermocouple grids 

constructed using T-type thermocouples (4 channels upstream; 9 channels downstream), and 

chilled-mirror hygrometers were used to measure the upstream and downstream dew points. The 

cross-sectional flow area in the test section was rectangular, 30 cm wide and 20 cm high. An 

axial blower provided an air flow with face velocities at the test section ranging from 0.3 to 

7m/s. An ASME flow nozzle (Inlet diameter=11 inches, throat diameter=6 inches), with a 

differential pressure transducer, was used to measure air mass flow rate. Another pressure 

transducer was used to measure air-side pressure drop across the test section. For the 

determination of mas flow rate and face velocity a hot-wire anemometer was also used along 

with the ASME nozzle. A single-phase liquid, an aqueous solution of ethylene glycol 

(DOWTHERM 4000), was used as the tube-side heat transfer fluid. A chiller system with a 

commercial heat pump, two large coolant reservoirs, a PID-controlled electric heater, and a gear 

pump supplied the flow. The chiller system provided a coolant flow with a steady inlet 

temperature (within 0.1°C) at a capacity up to 20 kW. Coolant inlet and outlet temperatures were 

measured using RTDs. 

Coolant flow mixing devices were installed immediately upstream of the RTDs to 

provide a well-mixed coolant temperature. A Coriolis-effect flow meter located in the 

downstream coolant pipe was used to measure mass flow rate. A computer-based data 

acquisition system (National Instruments) was used to record and monitor the experimental data. 

The relevant experimental uncertainties involved in the wind-tunnel experiments are given in 

Table 2.1. 
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Figure 2.2 Closed loop wind tunnel  

Table 2.1 Uncertainty of parameters involved in experiments.  

Parameter Uncertainty 

Air temperature πȢρo
C 

Coolant temperature πȢπσoC 

Nozzle discharge coefficient ςϷ 

Core pressure drop πȢρχ0Á 

Nozzle pressure πȢπψχ0Á 

Coolant mass flow rate πȢρϷ ÏÆ ÒÅÁÄÉÎÇ 

Dew point πȢςo
C 

Face velocity πȢρÍȾÓ 

Pressure drop(micro manometer) πȢς0Á 

 

The entire wind tunnel, the test specimen, and coolant pipes were all insulated to isolate 

the system from the environment. Steady-state conditions were considered to prevail when all 

individual variables measured were maintained constant within instrument uncertainty. The data 

stream was sampled for a period long enough to ensure that the averaged readings were 

Mass flow rate measurement nozzle 
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independent from random instrument errors). All experiments were conducted under dry 

conditions and had an energy balance (ςȿὗ ὗ ȿȾὗ ὗ , ANSI/ASHRAE-

33) within 5% when the face velocity was greater than 1.5m/s, and within 7.5% when it was 

smaller than 1.5m/s. Coolant flow rate was constant at 0.082kg/s, while the range for inlet 

coolant temperate was 17
o
C to 23

o
C. The inlet air temperature varied in the range of 31

o
C to 

37
o
C. The relative humidity was maintained at 40% during all experiments. 

2.3.2 Specimen preparation 

Metal foam heat exchangers were built in different confrigurations. Three different methods 

were used to join the metal foam to the tubes including thermal epoxy (Artic silver 5), thermal 

compound, and brazing. A representative sample with the 10PPI metal foam is shown in Figure 

2.3. All samples to compare the effect of pore size were prepared with same confriguration while 

deploying foams with different pore sizes (5, 10, 20 and 40PPI). Specifications and dimensions 

of samples (shown in Figure 3) are presentaed in Table 2.2. 

 

Figure 2.3 Flat tube metal foam heat exchanger (10 PPI metal foams) 
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Table 2.2 Design specifications of heat exchangers for comparison of effect of porosity 

 

2.3.3 Data reduction method 

The Hazen-Dupuit-Darcy (widely known as the Forchheimer) equation was used to relate 

the pressure drop to the face velocity in the metal foams: 

Ўὖ

ὒ

‘

ὑ
ὠ ”ὅὠ                                                                                            ςȢρ 

It is important to note that both permeability (K) and inertia coefficients (C) are empirical 

constants and depend on the structure of the porous medium. Equation (2.1) can be used to 

analyze the pressure drop data. In the current study the velocity was always sufficiently high to 

ensure all data were well into the Forchheimer regime (0.5m/s -10m/s), and was low enough to 

ignore the compressibility effects [2.7].   

In order to evaluate the thermal performance, the heat transfer modeling was undertaken 

to account for fin-efficiency and local mixing-cup temperature effects. The total rate of heat 

transfer, q, was determined from an energy balance on each stream, and the modeling relied on 

Base metal Al 6061 alloy 

Porosity 5, 10, 20, 40 PPI 

Tube side configuration Microchannel flat-tube (1.5 mm  1.5 mm) 8 channels 

Number of fins 10 

Fin depth 15 mm 

Fin thickness 15 mm 

Bonding method Artic silver epoxy (k=4.5 W/m-K) 

Face area 200 mm  174 mm 

Tube width 25.4 mm 

Tube wall thickness 0.5 mm 
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an overall approach, as does all the prior work cited. Namely, for a metal foam heat exchanger 

operating under dry-surface conditions: 

q UA LTMD= Ö  (2.2) 

where  

, , , ,

, ,

, ,

( ) ( )

ln

air in coolant out air out coolant in

air in coolant out

air out coolant in

T T T T
LMTD F

T T

T T

- - -
=

å õ-
æ öæ ö-ç ÷

 (2.3) 

The LMTD was determined from the measured temperatures, with the flow configuration factor, 

F, from Incropera and Dewitt [2.25]. The overall thermal conductance of the heat exchanger, 

UA, was formulated by neglecting the conduction resistance of the tube wall: 

1 1 1
bond

coolanto air

R
UA Ah Ahh

å õ å õ
= + +æ ö æ ö

ç ÷ç ÷
 (2.4) 

The coolant-side convection coefficient was determined for the in-tube single-phase flow during 

the experiments, based on the geometry and flow (there were no coolant-side fins). The thermal 

contact resistance due to bonding of the foam to the tubes, Rbond, was determined from ancillary 

experiments, in which it was found that the total air-side resistances for different bonding 

methods were 20, 45 and 80 K/W for brazing, thermal compound and thermal epoxy (artic 

silver) respectively. These values were obtained from the experiments performed on geometrical 

similar samples (Foam pore size, face area and flow depth) under same test conditions (inlet air 

temperature, inlet coolant temperature, face velocity etc.). The thermal conductivity and 

thickness of the bond was included in the analysis to determine the total air-side thermal 

resistance. The temperature variations in the air-side metal foam fins were accounted for using 

the surface efficiency 

( )1
1

foam f

o

foam base

A

A A

h
h

e

-
= -

+
 (2.5) 
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The surface area of the foam for air-side convection, Afoam, was determined from manufacturerôs 

data for foam surface area per unit volume. The surface area per unit volume (Figure 2.4) was 

calculated based on the geometry of the foam and was verified using the multipoint BET method 

by the adsorption of krypton gas at cryogenic temperatures (less than -150
o
C). Relative density 

in Figure 2.4 represents the density of foam relative to the density of base metal (density of 

aluminum 6061 alloy is 2700 kg/m
3
). 

 

Figure 2.4 Surface area to volume ratio for metal foams (ERG Corporation, USA) 

The fin height, Lf, was taken as half the tube spacing. The fin efficiency was then calculated 

assuming a straight fin with an adiabatic tip, following Dai et al. [2.22]: 

tanh( )foam f

f

foam f

m L

m L
h =  (2.6) 

where the fin parameter mfoam accounted for the ligament and pore diameters, Df and Dp, 

respectively, 

23 / ( )foam f p effm D h D kp=  (2.7) 
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and the effective thermal conductivity of the foam was taken as the solid-only effective thermal 

conductivity [2.20]: 

(1 ) / 2eff solidk ke= -   (2.8) 

 

2.4 Results 

 

The pressure drop and the heat transfer rate are used to characterize the heat exchanger 

performance. These parameters determine the fan power and size requirements of the heat 

exchanger. Both pressure drop and thermal performance are affected by a number of parameters 

such as the geometry of heat exchanger, metal foam characteristics and flow conditions.  

2.4.1 Pore size of metal foam  

The pore size is an important characteristic of metal foams. Most of manufacturers use PPI to 

characterize the size of the pores in metal foams. The results for the pressure drop per unit length 

are plotted against the face velocity under dry surface conditions in Figure 2.5a. As demonstrated 

by the figure, the pressure drop per unit length increases with an increase in PPI (a decrease in 

pore size). The 5 PPI foam, with a pore size of about 4 mm, shows the smallest pressure drop for 

all face velocities, while the 40 PPI foam, with pore size of about 1.8 mm results in the highest 

pressure drop. An interesting finding is how the pressure gradient depends on pore size. Based 

on the SEM image analysis to quantify the foam geometry, the pore size differs by about 30% 

between the 5 PPI and 10 PPI foams (determined by SEM image analysis, Table 2.6), and the 

pressure gradient increases by roughly 15 to 20 percent at high velocities. At velocities below 

about 3m/s, the difference is negligible. However when the pore size becomes smaller the 

pressure gradient shows an obvious difference even for small face velocities, as can be observed 

in Figure 2.4a. While reducing the data for the pressure gradients, the effect of flat tubes between 
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metal foam fins was neglected; their contribution to pressure drop was very small compared to 

the porous metal foam. The heat transfer coefficients based on the total surface area (base area 

and foam surface area) are presented in Figure 2.5b. As the data were normalized based on the 

total air-side surface area, the effect of surface area per unit volume was accounted for. The heat 

transfer coefficient also depends on the flow conditions.  The heat transfer coefficient increases 

with velocity for foams of all pore sizes at almost same rate. Heat transfer coefficients as high as 

400W/(m
2.
K) can be achieved with a 40PPI metal foam heat exchanger when the face velocity is 

about 6m/s. This number is about twice the heat transfer coefficient achieved by compact louver-

fin heat exchangers under the same flow conditions. It is not only surface area which contributes 

to larger heat transfer rate; small pore diameters imply more ligaments per unit volume, and 

more ligaments promote flow mixing.  

   

 

 

 

 

 

 

 

 

 

 

                                      (a)                                                                                 (b) 

Figure 2.5 Effect of pore size on (a) pressure drop per unit length (b) heat transfer coefficient  
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2.4.2 Geometry of heat exchanger 

As pointed out in the introduction one important concern regarding the use of metal foam in 

heat transfer applications is the relatively large pressure drop. Seeking an improvement in the 

hydraulic performance of metal foams, alternative geometric configurations of the metal foam 

were explored. In undertaking new deployments, face area, volume, and mass were constraints. 

A relative comparison is presented, where the deployment geometry affects the performance of 

the heat exchanger by changing the pressure drop. There were two round-tube heat exchangers 

used in this comparison, and they had identical face areas (200mm×200mm) and flow depths 

(25mm). Sample 1 had a continuous block deployment of foam, with round tubes running 

through the foam block. Sample 2 had an annular metal foam layer on the round tubes (Figure 

2.6). The thickness of the annulus of metal foam was such that there was no bypass of flow; i.e., 

the outer surface of the annulus of metal foam on one tube touched the outer surface of the 

annulus of foam on the neighboring tube.  The pressure drop data for the two round-tube foam 

heat exchangers are presented in Figure 2.7a. It is obvious at relatively low face velocity (less 

than 1.5m/s) pressure gradients for both samples were comparable but at larger face velocities, 

the sample with a continuous metal foam block had a higher pressure drop compared to the 

annular foam configuration. The total air side heat transfer (at fixed flow rate and inlet 

temperatures) for both configurations is shown in Figure 2.7b. Although Sample 1 had a slightly 

larger heat transfer rate, the values do not differ much. Furthermore the weight of Sample 2 was 

almost half that of Sample 1(0.60 kg for (a) vs. 0.34 kg for (b))  
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                  (a)                                                                   (b) 

 

Figure 2.6 Metal foam heat exchangers with different geometry  

(a)Sample 1-continuous block structure (b) Sample 2-Annular structure  
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                                     (a)                                                                         (b) 

Figure 2.7 Effect of heat exchanger geometry on (a) pressure drop per unit length (b) air-side 

heat transfer rate 

These comparisons show that the higher pressure drop associated with metal foams can be 

mitigated by judicious deployment of the metal foam, so that the heat transfer performance 

remains excellent, and the fan power requirements are reduced.  
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2.4.3 Base metal of the foam 

Most of the metal foams used in heat transfer applications are made of aluminum or copper. 

The thermal conductivity of copper is larger than that of aluminum. If the base metal used to 

manufacture metal foam has larger thermal conductivity, the resulting heat transfer rate will be 

larger. In order to explore base-metal effects, two samples of the same geometry with differing 

base metals were constructed (frontal area (200mm×200mm), flow depth (25mm), number of 

tubes turns (10) (see Figure 2.8). The thermal performance of two heat exchangers is compared 

in Figure 2.9. Sample 1 had copper as the base metal for the metal foam, with copper tubes 

passing through annular fins. Sample 2 was manufactured from an aluminum alloy. Sample 1 

showed much better performance, as the heat transfer rate was increased by almost 40%. For 

both samples the heat transfer rate increased as the face velocity increased, and the rate of 

increase was nearly identical. This behavior confirms that the only difference between the 

performances of two samples is due to the difference in thermal conductivity of the metal foam. 

It is important to note that the thermal conductivity of 20PPI copper foam is about 15W/m-K 

while for 20PPI aluminum foam it is about 8W/m-K). The thermal hydraulic performance is 

affected by the porosity and geometry in exactly the same way for the copper foam heat 

exchanger as for the aluminum foam heat exchanger. It is important to note that the both foam 

type (20PPI) had the same pore and ligament diameters (df=0.36±0.05mm, dp=2.54±0.05mm for 

aluminum foam and df=0.35±0.05mm, dp=2.56±0.05mm for copper foam determined by SEM 

image analysis). One important factor to consider is the cost of the base metal as the cost of the 

foam is directly related to the base metal cost. Based on the Wall-Streeter Journal (August 2013) 

the cost of copper (C10100) was approximately 4 times the cost of aluminum alloy (6061). 
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    (a)                                                                   (b) 

Figure 2.8 Metal foam heat exchangers with different base material (a) copper (b) aluminum  

400

600

800

1000

1200

1400

1600

0.5 1 1.5 2 2.5 3 3.5 4 4.5

Aluminum
Copper

A
ir

-s
id

e
 h

e
a

t 
tr

a
n

s
fe

r 
ra

te
 (

W
)

Face velocity (m/s)  

Figure 2.9 Heat transfer for samples with different base metal  

2.4.4. Comparison to louver-fin heat exchangers 

The ultimate goal in heat exchanger design is to minimize cost. Thermal hydraulic 

performance is directly related to operating cost, so a good heat exchanger design should give the 

maximum heat transfer rate with the minimum pressure drop. Geometry, base metal and fin 

configuration all affect the performance. In order to evaluate metal foam heat exchanger 

performance for HVAC&R applications, a comparison to louvered-fin performance was 

undertaken. A state-of-the-art louvered fin design was adopted for the comparison (Figure 2.10); 
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its characteristics are presented in Table 2.3 (Park and Jacobi, Sample 1 [2.26]). The comparison 

considers 10 PPI aluminum metal foam as a ñdrop-inò replacement for the louvered fins. 

Obviously, this deployment of metal foam is not expected to be optimal; however, this approach 

allows a comparison with as few design changes as possible. The performance of the metal foam 

heat exchanger is compared to the louver fin heat exchanger in Figure 2.11. Under all flow 

conditions the metal foam heat exchanger performed much better than the louver-fin 

configuration for the same volume of the device. Such a comparison confirms that metal foam 

can replace conventional materials for HVAC&R heat transfer applications.    

 

Figure 2.10 Louver fin heat exchanger geometry [2.26] 

Table 2.3 Characteristics of louver-fin design [5.26] 

L p (mm) 

Louver 

pitch 

Fp (mm) 

Fin pitch 

Fl (mm) 

Fin length 

L l (mm) 

Louver 

length 

Ŭ (deg) 

Louver 

angle 

Fd (mm) 

Fin width 

Tp (mm) 

Tube 

pitch 

ŭf (mm) 

Fin thickness 

1.38 1.4 12.43 11.15 44 25.4 14.26 0.24 
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Figure 2.11 Comparison of 10 PPI metal foam to louver-fin heat exchanger   

2.5 Thermal hydraulic model development 

There has been tremendous effort to quantify the thermal-hydraulic behavior of porous 

media, such as metal foams. For the pressure drop, the conventional approach is based on 

defining the parameters such as permeability and inertia coefficient by curve fitting the pressure 

drop data. While this approach is widely adopted, it fails to completely capture the physics 

reflected in the data. A better approach appears to be to reduce the data based on the pore 

diameter or the hydraulic diameter of specimen and present the results as curve fits in 

dimensionless space as explained later. Similarly, for the heat transfer the conventional approach 

is based on a model developed by considering the flow through metal foam as a flow through an 

array of cylinders. An alternative approach is to resort to pure empiricism.  

2.5.1 Existing thermal-hydraulic models 

As discussed earlier, many researchers have tried to generalize and modify the Darcy model 

for flow through porous media to predict the pressure-drop performance of metal foams. Such 

models were found to work well for a certain, narrow range of flow conditions but cannot be 
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used to predict the performance over the range of the current experiments. As an example, 

experimental results for pressure drop of a 40 PPI metal foam are compared to the modified 

Darcy model of Bhattacharya et al. [2.11] in Figure 11a. The model of Bhattacharya et al. [2.11] 

is given as Equation (2.9): 

Ὠὴ

Ὠὼ

‘ὠ

ὑ

”ὅӶ

Ѝὑ
ὠ                                                                              ςȢω 

In Equation (2.9), K is the permeability, and ὅӶ is a dimensionless inertia coefficient. As shown in 

Figure 2.12a, the model makes reasonable predictions at the lowest velocities for 40 PPI 

aluminum foam, but it under predicts pressure drop by as much as 40% at intermediate 

velocities.  

Similar to pressure drop, there are numerous models available in the open literature to 

predict the heat transfer performance for flow through porous media. Equation (2.10) was 

developed by Calmidi and Mahajan [2.17] to predict the heat transfer coefficient based on the 

foam properties such as conductivity, ligament diameter, etc. 

         

0.5 0.370.52Re Pr
fluid

Df

f

k
h

D

å õ
=æ öæ ö
ç ÷

 (2.10) 

The ligament diameter, Ὀ, is considered as the characteristic length, and kfluid is the fluid thermal 

conductivity. Experimental results are compared to values predicted by this relationship for a 40 

PPI metal foam sample in Figure 2.12b. Although the model is widely used to predict the heat 

transfer coefficient for foams, it does not provide accurate predictions of the current data. A 

possible source of error is a flaw in the assumed geometry:  the model considered metal foam 

ligaments as stack of small cylinders, either in cross-flow or parallel-flow orientation. This is not 

the case in reality (see Figure 2.13).  
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(a)                                                                (b) 

Figure 2.12 Comparison of experimental data with (a) pressure drop [2.11]  (b) heat transfer 

model [2.17] for 40 PPI sample.  

 

      (a) ‐ ωπȢωυϷ                      (b)‐ ωςȢπρϷ                       (c) ‐ ωσȢτψϷ                     (d) ‐ ωχȢψυϷ 

Figure 2.13 Metal foam ligament cross sectional view for different porosities [2.11] 

2.5.2. Determination of permeability and inertia coefficient  

Based on the modified Darcy flow model, the pressure gradient can be related to the hydraulic 

characteristic of the foam by Equation 2.1.This relation can be rearranged as  
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Equation (2.11) provides a linear relationship in terms of face velocity, 
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These relations for A and B were used to determine the permeability and inertia 

coefficient for three different types of porous media. The results are summarized and compared 

to values from the literature in Table 2.4. 

The values from experiments are of the same order of magnitude as those from the 

literature, but there are significant discrepancies. The final fit to pressure gradient has a 

correlation coefficient of R
2
=0.99792. Thus, the parameters given in Table 2.4 can be used with 

Equation 2.1 to obtain good fits to the current data. However, a more general approach is 

explored in the next section. 

Table 2.4 Permeability and inertia coefficient for porous media
*
  

Porous media ὑ (m
2
) ὅ (m) ὑ (m

2
) ὅ  (m) 

5 PPI Al 3.79 0.04(10
-7

) 0.132 0.005 2.70(10
-7

) 0.097 

10 PPI Al 2.72 0.04(10
-7

) 0.095 0.004 1.49(10
-7

) 0.07 

20 PPI Al 8.37 0.05(10
-8

) 0.082 0.004 1.42(10
-7

) 0.10 

40 PPI Al  6.91 0.03(10
-8

) 0.086 0.003 5.68(10
-8

) 0.0899 

*  ὑ  and ὅ  are taken from Bhattacharya et al. [2.11]. 

 

2.5.3. Determination of friction factor f and colburn j factor  

For comparison purposes and generality, the pressure-drop and heat transfer performance of 

the metal foam heat exchangers is presented following the convention of Kays and London 

[2.27], wherein the friction factor f and Colburn j factor are related to the Reynolds number 

based on hydraulic diameter. With some as yet determined length scale, Lc, as an additional 

characteristic length and ”Ӷ the average density. The relationship for friction factor can be 

represented as 
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2 2

c
Lc

LP
f

L G

rD
=   (2.14) 

where Ὃ mass flux, maxG Vr= , with Vmax the velocity at the minimum free-flow area: 

min frA Ae=  (2.15) 

The characteristic length, Lc, can be defined by many ways. Some of the options follow: 

¶ Heat exchanger characteristics: hydraulic diameter, flow depth, tube spacing 

¶ Foam characteristics: pore diameter, ligament diameter, ligament length 

The hydraulic diameter follows convention:  

min4
h

T

A L
D

A
=   (2.16) 

T base foamA A A= +  (2.17) 

The total surface area, AT, is comprised of the exposed tube area, Abase, and the surface area of 

the metal foam, Afoam.  Again, if Dh is used as Lc in Equation (2.14), then the conventional 

definitions of Kays and London prevail [2.27], and we expect f=function (ReDh).Where ReDh is 

the Reynold number based on the hydraulic diameter of the heat exchanger. In the approach 

embodied in equations (2.14) to (2.17), that convention need not be followed. However, the 

geometric parameters must be known.  

In order to determine Amin, image processing technique was used, rather than simply 

relying on the reported porosities. Images from X-ray tomography [2.28] were analyzed as 

suggested in Figure 2.14. In order to identify the metal in the cross sectional view of foam, a 

pixel threshold value of 100 was set, with pixel values ranging from 0 (black) to 255 (white). 

Threshold was set based on the common practice used in Histogram-shaped based method for 

image processing. The minimum flow areas calculated by the image analysis (threshold=100) 

agreed well with the method reported in the literature (ὃ ‐ὃ ).Later when the results 

were compared with a threshold value of 125, the minimum flow area decreased by 3%. 
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Similarly for a threshold value of the 75, the minimum area was increased by about 2%. The 

number of pixels exceeding this threshold divided by the total gave Amin/Afr. The process was 

repeated for five images for each type of foam and the values were averaged. The results are 

given in Table 5, and other geometric properties are reported in Table 2.6. 

                    

(a)                                                                         (b) 

Figure 2.14 Image processing for cross sectional view of  5 PPI metal foam (a) X-rays image of 

foam slice (b) intensity distribution of the image.  

Table 2.5 Free-flow cross-sectional area of metal foams 

      Foam 

designation 

Measured  

Amin/Afr 

Manufacturerôs reported 

porosity 

5 PPI 0.988 0.97 

10 PPI 0.977 0.96 

20 PPI 0.971 0.95 

40 PPI 0.957 0.93 

 

Table 2.6 Geometric parameters of metal foams
 

      Foam        

designation 

  Pore diameter, Dp 

(mm) 

Ligament diameter, Df 

(mm) 
Hydraulic diameter, Dh 

(mm) 

5 PPI 4.02±0.04 0.50±0.05 6.34 

10 PPI 3.28±0.04 0.45±0.04 4.61 

20 PPI 2.58±0.05 0.35±0.05 2.69 

40 PPI 1.80±0.05 0.20±0.04 1.74 

 

For comparison to other heat exchangers, the friction factor is plotted versus Re for 

various foams, with Lc=Dh, in Figure 2.15a. Comparing to the general trends in Kays and London 
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[2.26], it is clear that the metal foams have a very high f-factor. Moreover, because the data do 

not collapse to a single curve, there is a strong suggestion that another length scale is important 

(not simply Dh). Through a trial and error process, it was found that the friction factor data would 

collapse to a single curve, with a goodness of fit suitable for engineering design, if pore diameter 

was included as a characteristic length. In this process 2 of 64 data were discarded as outliers; the 

resulting fit had a relative RMS deviation of ±14.86%, and almost all of the data were predicted 

to within ±20% (Figure 2.16a). The fit uses pore diameter as Lc, with the Reynolds number based 

on hydraulic diameter: 

( )
3.708

0.1672

2
1.975Re

2p h

p

D D p h

DP
f D D

L G

r -
-D

= =                          (2.18) 

 

Similarly, in order to facilitate comparison to conventional compact heat exchangers, the 

Colburn j factor, with Lc=Dh, is presented in Figure 2.15b. As shown in the figure, foams with 

higher pore density (PPI) had higher j factors. In comparison to most conventional heat 

exchangers (e.g., louvers), metal foams have a high Colburn j factor. Attempting to fit the data in 

this format, only to ReDh, results in a fit with a relative RMS deviation of more than ±10%; 

however, when pore diameter, Dp, is used as an additional characteristic length, the following fit 

predicts all dry-foam heat transfer data with a relative RMS deviation of 4%: 

( )
0.3213

2/3 0.5611Pr 2Re
p

Dp Dh p h

p h
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j D D

c V Dr
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  (2.19) 

The predicted and measured Colburn j factors are presented in Figure 2.16b. The uncertainty was 

8%. 
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      (a)                                                                          (b) 

Figure 2.15 (a) Friction factor (b) Colburn j factor for metal foam with different pore sizes 

plotted against Reynolds number (based on hydraulic diameter). 

 

      (a)                                                                          (b) 

Figure 2.16 (a) Friction factor with pore diameter as a characteristic length, measured versus 

predicted (Equation 18). The relative RMS deviation is ±14.86%; limits of ±20% are shown in 

the plot. (b) Colburn j factor with pore diameter as a characteristic length, measured versus 

predicted (Equation 19). The relative RMS deviation is ±4%; limits of ±12.5% are shown in the 

plot. 
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2.6 Conclusions 

 

The thermal-hydraulic performance of the metal foams has been analyzed using data from 

wind tunnel experiments. The flow conditions, metal foam characteristics and heat exchanger 

geometry affect the performance. The pressure drop and heat transfer rate increase as the face 

velocity increases. Pore size is an important parameter in determining the pressure drop and heat 

transfer rate. Foams with a smaller pore size have a higher heat transfer coefficient due to better 

flow mixing, but the resulting pressure gradient is higher as well. The geometry of metal foam 

heat exchangers can considerably reduce the pressure drop without significantly compromising 

the heat transfer performance. The base material of metal foam heat exchangers also plays 

important role by affecting the heat transfer rate. Overall thermal hydraulic performance of metal 

foam heat exchangers surpasses existing designs such as louver-fins. There are various models 

available to predict the pressure drop and heat transfer coefficient, but they are based on non-

realistic geometries, and they fail to predict the performance accurately. It was found that more 

than one length scale is important to the pressure gradient and heat transfer rate in metal foams. 

By using a Reynolds number based on hydraulic diameter, a curve fit for the friction factor f and 

Colburn j factor based on pore diameter has been developed with reasonable engineering 

accuracy.   
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Chapter 3-Adsorption and desorption performance of silica 

aerogels 

 

3.1 Introduction 

A vast majority of recent studies on dehumidification systems have focused on the 

development and application of solid adsorbent materials that can provide improved adsorption 

capacity and higher moisture removal rates [3.1ï3.3]. Adsorption systems with improved 

performance result in a considerable decrease in the initial and operating costs and in some cases 

make such dehumidification systems attractive alternatives to existing vapor compression 

systems for cooling and dehumidification. Generally, solid salt adsorbents (e.g. calcium chloride 

and cobalt chloride) have greater hygroscopic capacity than other inorganic adsorbents, such as 

silica gel; however; calcium chloride granules often deliquesce beyond an adsorptive capacity of 

0.33 kg/kg, after the formation of the solid crystalline hydrate, CaCl2
.
2H2O [3.3]. To overcome 

this problem, desiccant materials based on silica gel have become an attractive alternative to the 

salt-based adsorbents. They have been used as high-performance desiccants to remove water 

vapor from humid ventilation air for buildings [3.4]. Silica aerogels are highly porous materials 

with low density, low thermal conductivity, as well as large surface area. They have received 

significant attention in heat insulation [3.5], waste treatment [3.6], drug delivery and targeting 

systems [3.7, 3.8], as well as many other applications. Silica aerogel has a relatively high 

moisture adsorption capacity because of its microporous structure of internal interlocking 

cavities, which gives a high internal surface area (up to 800 m
2
/g, or 10

8
 to 10

9
 m
2
/m
3
) [3.9]. 

http://www.sciencedirect.com/science/article/pii/S001793100500342X#bib1
http://www.sciencedirect.com/science/article/pii/S0272884212006748#bib1
http://www.sciencedirect.com/science/article/pii/S0272884212006748#bib2
http://www.sciencedirect.com/science/article/pii/S0272884212006748#bib3
http://www.sciencedirect.com/science/article/pii/S001793100500342X#bib2
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When the water vapor pressure at or near any pore region of a silica gel particle is lower than the 

adjacent air water vapor pressure, water molecules diffuse through the air and are adsorbed onto 

the internal pore surfaces of the silica gel particles. Another advantage of using silica aerogel is 

the fact that there is no chemical reaction during adsorption, unlike many salt absorbents which 

change their chemical composition and physical appearance with addition of moisture. Even 

when saturated with water vapor, silica gel still has a dry appearance with its geometry 

unchanged. The adsorption and desorption characteristics of different silica gel samples may 

vary because of different manufacturing procedures [3.3]. Although silica gel is frequently used 

as a desiccant, the detailed heat and moisture transport within the pores of silica gel particles is a 

complicated process and research is ongoing. Comprehensive experimental studies of the 

physicochemical properties and some research applications of the organic and salt-based 

adsorbents have been reported by Aristov et al. [3.1] and Zhang et al. [3.3]. These studies show 

that silica-aerogel-based adsorbents have a higher adsorption capacity and can be regenerated 

with a lower temperature than the other commercially available desiccants, such as activated 

carbon.  

Despite such promising properties, ultimate conclusions on the feasibility of these 

materials for sorption systems can only be drawn after dynamic analysis of the absorbent and 

desorbing performance under operating conditions typical to sorption/desorption systems. The 

performance of a porous adsorbent solid in adsorption of an adsorbate gas is determined not only 

by the adsorption isotherm, but also by the desiccant mass diffusivity, which affects the 

adsorption rate. However, up to present, the studies on dynamic adsorption properties of 

composite adsorbents are very rare, and this is especially true for the solid side mass diffusivity 

of aerogels with different microstructures. In order to help fill this gap, the main aim of the 

http://www.sciencedirect.com/science/article/pii/S001793100500342X#bib3
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present work is to investigate the dynamic properties and solid side mass diffusivity of different 

types of silica aerogels. 

 

3.2 Literature review 

3.2.1 Preparation of silica aerogels 

Generally, the synthesis of silica aerogels using silicon alkoxide takes place in two steps: 

(1) a solïgel process to prepare the gel, and (2) supercritical drying of the gel to obtain an 

aerogel [3.10-3.15]. In a solïgel process the hydrolysis of silicon alkoxides generates 

intermediate species and these species then undergo a stepwise poly-condensation reaction to 

form a three-dimensional gel network. The secondary step is the supercritical drying of the gel, 

which involves drying at the critical temperature and pressure of the solvent present in the pores 

of gel to form an aerogel. The supercritical drying for the synthesis of silica aerogels requires a 

special type of autoclave assembly. Many research groups have synthesized silica aerogels using 

tetraethoxy silane precursor (TEOS) using ambient pressure drying, wherein the surface 

chemical modification of silica surface was carried out prior to drying [3.16-3.19]. However, 

silica aerogels prepared using TEOS precursors have the disadvantages of relatively high density 

and low porosity, which hinders wider application of these materials. It has been observed that in 

a system with a highly polar solvent, the solvent is expected to affect the rate determining step 

and, therefore, the nature and size of the resulting polymeric particles [3.20]. It has been reported 

that, acetonitrile is a highly polar aprotic solvent, which does not form hydrogen bonds with the 

silicate nucleophile, but reduces the rate of the condensation reaction. This behavior is due to the 

high polarity of acetonitrile, which stabilizes the anionic reactants with respect to the activated 

complex [3.21]. Furthermore, acetonitrile is an easily displaceable ligand and miscible with 

http://www.sciencedirect.com/science/article/pii/S0272884212006748#bib6
http://www.sciencedirect.com/science/article/pii/S0272884212006748#bib16
http://www.sciencedirect.com/science/article/pii/S0272884212006748#bib17


49 
 

water and methanol. Therefore, in order to obtain optically transparent and low density silica 

aerogels acetonitrile has been employed in the solïgel process [3.22,  3.23]. However, in these 

reports the methods used for the preparation of aerogels are time consuming and not scalable for 

commercialization.  

Brinker and Scherer [3.24] described the parameters that affect the sol-gel process; 

including the way hydrolysis and condensation are carried out, the pH of the catalyst used, and 

the temperature and pressure. Their work also described the effects of ageing and possible 

applications of different types of aerogels. Prakash et al. [3.25] prepared silica films with the 

range of porosity from 91% to 98.5% at ambient pressure by a process wherein organo-siloxane 

polymers were deposited on a silicon substrate by conventional dip-coating at 25ÁC and 0.85 bar 

and then heated to 450ÁC. The film thicknesses (from scanning electron microscopy) varied from 

0.1 to 3.5 microns, depending upon the dip-coating rate (0.05-1.9cm/s) and concentration of the 

solvent. The process was optimized by varying the dilution, ageing, organic modification, heat 

treatment and dip-coating conditions, allowing control of film porosity from 30% to 99%. 

Scherer et al. [3.26] found that when a gel is heated, the thermal expansion of the pore liquid 

causes stretching of the solid network. If the heating rate is very high, the gel expands at the 

same rate as the liquid; at slower rates, some of the liquid drains out and the gel expands less. Pel 

et al. [3.27] presented a procedure to determine the moisture diffusivity for drying from 

measured moisture concentration profiles. They also described a means of determining the 

relative error of moisture diffusivity, when they used their proposed method for evaluating 

diffusion performance.  

 

 

http://www.sciencedirect.com/science/article/pii/S0272884212006748#bib18
http://www.sciencedirect.com/science/article/pii/S0272884212006748#bib19
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3.2.2 Characterization of silica aerogels   

Shen et al. [3.28] prepared silica aerogels by a sol-gel technique from industrial silicon 

derivatives (polyethoxydisiloxanes, E-40), followed by silylation and drying under ambient 

pressure. The speciýc surface area, pore size distribution and thermal conductivity of the silica 

aerogels were investigated and the results showed that the diameter of the silica particles was 

approximately 6 nm, and the average pore size of the silica aerogels was 14.7 nm. The speciýc 

surface area was approximately 1000 m
2
/g and the thermal conductivity was approximately 

0.014 W/m-K at room temperature and a pressure of 101 k
 
Pa. Si-CH3 groups were also detected 

on the surface of the silica aerogels, which explained the hydrophobic behavior of silica aerogels. 

Lucas et al. [3.29] analyzed pore structures and mechanical properties of silica aerogels obtained 

by traditional base-catalyzed solïgel synthesis. They concluded that these characteristics can be 

modified by curing in neat methanol. The curing process produced gels with a larger mean pore-

size and more cumulative pore volume than their uncured (standard) counterparts, both before 

and after heat-treatment steps. Cured silica aerogels that were densified by heat treating in air at 

900 ÁC for 30 min retained a mean pore-size of about 30 nm, comparable to a standard or dry 

silica aerogel. Heating the standard silica aerogel to 900 ÁC for 30 min markedly decreased the 

mean pore-size to 16 nm. Magaliga et al. [3.30] experimentally determined the effective 

diffusion coefficients of water vapor in pure and calcium chloride and lithium bromide 

impregnated silica gels. The experiments were performed at a temperature of 323 K using 

spherical particles of silica aerogels with a diameter of 3.57 mm. Diffusion coefficients were 

determined from moisture adsorption rate. They concluded that effective diffusivity of water was 

about three times lower in impregnated silica gel than pure silica gel. The difference occurred 

due to the equal contribution of different diffusion mechanisms (Knudsen and bulk diffusion). It 
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is important to note that salts, which are often mixed with pure silica aerogels to enhance the 

adsorption capacity of the desiccant or for durability during a cyclic process, often decrease the 

adsorption rate. 

Yadav and Bajpai [3.31] analyzed the regeneration and adsorption performance of 

different desiccants, such as silica gel, activated alumina, and activated charcoal, for producing 

dry air. The air needed for regeneration was heated in an evacuated-tube solar collector. 

The desiccants were regenerated at temperatures in the range of 54.3 to 68.3 
0
C. 

The regeneration performance was greatly affected by the regeneration temperature, but also 

depended on the initial moisture content, temperature of the desiccants, and flow rate 

of regeneration air. Comparison of the performances showed that at high hot air flow rates 

the regeneration times and adsorption times were shorter for these desiccants than at low flow 

rates. Silica gel was observed to perform better than activated alumina and activated charcoal 

for regeneration and adsorption at high and low flow rates. 

3.2.3 Determination of mass diffusivity  

In order to undertake a quantitative analysis of the moisture transport in silica aerogels, 

the mass diffusion coefficient must be known. It is well known that water vapor can diffuse 

through a porous medium by ordinary (Fickian) diffusion or Knudsen diffusion. Surface 

diffusion often classified to distinguish the surface (adsorption) vs. volumetric (absorption) 

phenomena. The diffusion coefficients can be calculated based on kinetic theory and are often 

used in performance simulation of adsorption systems [3.8, 3.32]. Both ordinary and Knudsen 

diffusion coefficients can be expressed in a Fickian form, but surface diffusion is expressed in a 

theoretical Arrhenius form as a function of surface concentration (through the heat of 

adsorption).  
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The transport processes that prevail at isothermal conditions are shown in the Figure 3.1. 

Knudsen diffusion becomes important when the diameter of the pores is of the same order of 

magnitude as the mean free path of the molecules, the different sorts of molecules move 

independently of each other and diffusion is governed by the collisions of the molecules with the 

walls. However for characteristic length scale (average pore diameter-Figure 3.3) for most of the 

silica aerogels is much larger compared to mean free path of water molecule. Hence, the 

Knudsen diffusion can be neglected for diffusion process through irregular porous media with 

large pore size (>30 nm) at room temperature and pressure. 

 

Figure 3.1 Different transport processes [3.33] 

 

The mass diffusivity of an adsorption system can be determined by using several different 

approaches, the two most common methods are traditional uptake rate measurements and nuclear 

magnetic resonance (NMR) measurements.  

Three experimental methods have been developed for the measurement of bulk diffusion 

coefficient in desiccant materials: analysis of drying data, sorption kinetics, and permeability 

measurements. The first two methods can be applied to various shapes of desiccants, while the 

permeability method is limited to desiccant films as demonstrated by Karathanos and Saracacos 


