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ABSTRACT

Separate sensible and latent cooling systems offer significant increases in the overall
performance of cooling/dehumidification systems compared to conventionale@ppression
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 exchangerscoolang systems. Metal

foams have darge surfacareato-volume ratio and a tortuous structuvehich 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@nditioning heat exchangers.

In this work, the thermahydraulic 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 geometand 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
performanceMetal foams are shown to provide very highsdte heat transfer coefficients, but

they also induce high pressure drops. Notwithstanding potential increases in the fan power, it is
shown that the overall thermdlydraulic performance of metal foams can surpass the
performance of louverefin heat exchangers. Hence, metal foams can compttestateof-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



film. In this way, the effect of the low thermal conduity 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 dependsnothe catalyst used in the sgpl process to manufacture the
desiccants. Dynamic vapor sorption experiments are used to determine mass diffusivity, and the
data show that kta aerogel coated on metal foahes the same mass diffusivity in
adsorption/degption as bulksilica aerogel; however, the catalyst used in thegsblprocess
significantly affects the mass diffusivity. A silica aerogel coating prepared using hydrofluoric
acid as a catalyst (with tetra methyl orthosilicate as a precipitator anémkts a solvent)
results in a mass diffusivity that can be an order of magnitude higher than using other catalysts,
such as potassium hydroxide, steric aatitl Analysis of the simultaneous heat and mass transfer
processes in the silica aerogel coatshgws that the moisture adsorption rate and the moisture
saturation time depend on the type of foam and the thickness of coasingell as the
thermophysical properties of the desiccant coating. Silicageé coated on the metal foams
provides better msture removal rate and adsorption capacity per unit volume than does a coated

flat plate or louveredin substrate.

Metal foam heat and mass exchangers have excellent tHeydralulic performance and may
find application in separate sensible and latemtling systems for air conditioning. However,
questions regarding fouling, manufacturing cost, and heat exchanger geometry constraints

remain to be addressed.
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Chapter 1Introduction

1.1Research background

Commercial and residential buildings consume-thmel of thepower produced world
wide [1.1] In the United States alone, buildingse 40% of total energy, including 27% of
electricity generation, 12% afater consumption and 60% of all nodustrial wastg1.1]. By
2025, buildings worldwide will be the largest consumers of global enegggater than the
transportation and industry sectors combified]. A considerable part of this energy is used to
maintain moisturdevels for comfort and process contrdhe tumidity level can be controlled
using liquid or solid desiccant systems. Solid desiccants are preferred overdkgiedant
systens due to theease of application. Unlike liquid desiccants thilty not undego any
chemical change during the moisture removal process. Different types of solid desiccants, such
as a molecular sieve, activated carbon, and silica aeetgelemployed for humidity contl
havea 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 solidiceant can be deployed by coating a
solid surface (a substrateljhe characteristics of the substrate, such as surface area and thermal
conductivity, affect the moisture removal performance considerdiigrefore, an appropriate
selection of desiccant drsubstrate 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 thermdalydraulic performance of metal foams when used as a heat

1



exchangerDespite manufacturing and implementation issues, these materials hold promise as
both heat exchangers and heat sirk&][ The open porosity, low relative density, high thermal
conductivity, large surface area per unit volume, and the albdignhance fluid mixing can
make metal foam thermal management devices efficient, compact, anaidigihtt. Metal foam
heat exchangers are anticipated to have relatively large prekspyéut they are also expected
to have a large heat transfer ratenpared to conventional fin§his 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 characteristicssist & making the traeleff
analysis between the increased heat transfer and the associated increase in the pressure drop for
foam heat exchanger and heat sink designs.

After determining the thermathydraulic performance as heat exchasgeretal foams
can be used as substsater silica aerogel desiccasjtand this method afehumidification is a
promising alternative to mechanical vammmpression systems. The main advantage of
desiccant systems is the separate handling of latent and sensible leadsgythus improving
efficiencyby 30-50%in air cooling and deumidification [1.3].

The currentstudy is focused on evaluating the dehumidification performance of aerogel

coated metal foam



1.2 Separate sensible and latertooling (SSLC) systems

1.21 Introduction to SSLC system

During operation theonventional akconditioningsystem manages twkinds of cooling
loads, thesensible andatent loadsThe nsible cooling isachieved by an evaporator through
reducing the temprature of the supply air. During conventional operation rigfegerant
temperature in the evaporator is below the dew point oftipgly air, and moisture in the air
condensesn the evaporator and therefore reduces the hunrality of the deliveredia 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 ppiahd a latent load
removal part along th£00% relative humidity (RH) line from B to &s presented in Figure 1.1
Commonly the temperature of point C is too low for thermal camfiherefore a reheat process
is sometimes performed by which temperatsrancreasd 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, rédheat process reduces the overall

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

The reheat process in conventional systemedgsired due to the coupledntrol 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@ipled Hence removing a
certain amount of water vapor requires an accompanying ratio of temperature reduction.
Therefore, the more the latent coolitakes placehe more likely sensible oveooling will
result Such a dependent relationship not anlyreases the sb of operationbut also causes a
control issue in conventional systems. For example, \itnere are more people in the building,
extra latent cooling (the vertical blue arrow pointing downward) is required. The supply air point
moves downwards to poitd 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 glerformance of the HVAC system



Separate sensible anddat moling (SSLC) systems are consideegabssible alternative
to conventional air conditioning systemBhe psychrometric process af SSLC system is
presented in Figure 1.2. This systeonsists of onezapor compression systeamd one solid
desiccantvheel (enthalpy wheel). The vapor compression sygi@vides only sensible cooling
(point A to point B) required by the conditioned space at both elevated air temperature leaving
the evaporator and kigher air mass flow rateThe reason for a higher amass flow rate
requirement is to compensate for the reduced enthalpy difference of air across the evaporator,
and to maintain the capacity of sensible aupliSince the vapor compressisystemoperates
above the dew point temperaturesoifpply air and iiot required to provide the latent cooling,
the desiccant whe&d used to reduce the water vapor content in the part of the air leaving from
the sensible evaporator. The part of the dry air fromdés@ccant wheahixes with the rest of

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

7

Vapour pressure (kP3
w
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Temperature®C

Figure 1.2 Operation of SSLC system (with enthalpy wheel)



To summarize, SSLC systems have two feattinesdistinguish them from the conventional
systems. Firstsince the vapocompression systemnsed in an SSLC system operates above the
dew point temperate, the supply air temperatusethermally comfortabland carbe sent to the
conditioned room directlyHence, o reheat is necessary in SSLC systefeondly, a SSLC

sysem uses aapor compression systeta provide sensible coolinghs a consequence, any
fluctuationsin sensible cooling demand can be simply metihgnging the capacity of the vapor
compression systenn order to meet th#uctuations of latent cooling deand the capacity of

the desiccant system can be enhanced, for example the rotation speed of the enthalpy wheel can
be adjustedo provide the latent cooling loatiowever it should benotedthat the loads are still
coupled due to the mixing of strean@)d such processes can be performétin a limited
rangeof operation.Any latent cooling demand change beyond the readheofotation speed
adjustmentwill be unmet. Such drawbacks justify the need of a desiccant moisture removal
device with more indgendent load matching and better operation carftothermore, although

a desiccant wheab a stanehlone device providing latent cooling, any amount of the latent
capacity change would theoretically lead to the same amount of change in sensible hea
generation. Therefore, the vapor compression systerst increase the cooling capacity to cover

the extra heaflThus there is still a link between the processes in vapor compression system and
desiccant wheel and the independent treatment is sometimesd@agsactical conclusions

1.2.2 Literature review

Two different configurations of SSLC systems have been proposéuk iiterature. 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 configuradtheoretically studied
and simulated under different ambient conditioiifie second configuratiowas studied both
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theoretically and experimentally because of its better performance.eitiad) [1.4] proposed to
separate thesensible and latent loadssing two vapor compression systems. The first system
removed sensibléeatonly, while the second system removed both latent and a small amount of
sensibleneat Under the standard ambient conditions (35°C, 44% relative humidity (RH)), the energy
consumption of such an SSLC system was reduced by 30% contpatteat of a convemdnal

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

Many studieshavefocused on theiseof a vapor compression cycle fthre sensible load and
solid/liquid desiccant equipment fdhe latent load. Ydav [L.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 sugBystem, and the conclusion was ttie system performed
well for a low sesible 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 loa@t BR[1.6] studied the application of
integrating a liquid desiccant device and a vapor compression dy@experimentwvas 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 assistarimam the liquid desiccant. Ma&t al. [1.7] utilized a similar
configuration to a larger scale application. A green building demonstration project in Shanghai
required a totabf 60 kW cooling capacity, and the latent cooling was provided by a liquid desicc
unit that was regenerated by the heat from conden8esimilar study was alsaeported by
Katejanekarn and Kumat [g], where solar energy was used for regeneration

Dhar and Singh1[.9] simulated a hybrid system of a solid desiccant wheel (DW) araghar
compression cycle. They demonstrated that the hybrid system had maximum energy savings under
hot and dry weather. Depending the desiccant material, the temperatures of regeneration can vary

from 50°C to above 100°Ctherefore different heat sowes are reported to drive desiccant devices.
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Jia et al. [1.10] studied the performance of a soli@siccant wheelising 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. Gha)ifumerically simulated a hybrid system in
the ambient conditions. The mairafare of this hybrid system was that the regenerative heat needed
by the desiccant wheel was partly supplied by the condewsde the rest was supplied by an
auxiliary gas heater. Casas and Schmitd7 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 thefr&08e
to 60°C. The difference in regeneration temperaturethésestudiesmay be caused by different
dehumidification requirements.

An exergy analysis of a solar driven hybrid system \wessentedby Ahmedet al. [1.13].
They compared the performance of the hybrid system operated at different ambient conditions an
different mass flow rates through the desiccant whérg et al.[1.14] provided a theoretical and
experimental study fothe integration of VCC ané low-temperatureegeneratediesiccant
wheel A major challenge for this kind of system is to balafeegerformance of théesiccant
wheeland the COP of theapor compression cycl@adpoor and Golshgr.15] simulated the
effect of applying desiccaiitasedevaporative coolingsystens to a gas turbine cycle. The
outdoor air, in this study, is fed to asitecant wheel first and then to an EC device. This results
in a lower outlet air temperature than a statfahe EC device can provide. The system is useful
especially in hot and humid conditigna which the wet bulb temperature is not low enough
comparedo the air temperature. Lazzarih6] numerically investigated both the direct EC and
indirect EC under various conditiord proposed new diagranbased analysis method to
determinewhetheror notusing EC is profitableThe integration of heatecovery wheels, i.e.,

sensible wheels (SWand enthalpy wheels (EW)to SSLC systemalso has beeimvestigated.



Jeong and Mummal[l7] developed practical EW effectiveness correlations basedxtant
complex formulations and models using statisticathnds. The correlations relate the sensible
and latent effectiveness of the EW to six variabiesluding entering air temperature and
relative humidity. he wo types of EW materialconsideredn the papemveresilica gel anda
molecular sieve. Nobregand Brum [1.18] developed a mathematical model for the adiabatic
adsorption within silicagel and used it to simulate the performance of an enthalpy wheel and

found an optimal nowimensional revolutiomateat which the enthalpy recovery is maximized.

1.3A new SSLC system

1.3.1 Researchundertaken

Despite earlier studies on heat sinks made of metal {adhere is very little research available
on the thermahydraulic performancef metal foamsvhen usedinder the conditions prevailing
in HVAC systems, particularly under dehumidifying conditions. The experimental data for
thermathydraulic performance of metal foam heat sinks is lim&ed covers a small part of the
parameter space encountered in HVAC systeimsorder to make compariseno existing
compactheat exchangedesigrs, suchas louveedfin heat exchangers, eepmental 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 conditionsg@munetrical parameters (pore size, flow
depthetc) was pursued

Silica aerogel is being used asolid desiccant in enthalpy whegbut there has been no
serious effort to characterize silica aerogehumidification and related it tmicrostructure.

Hence the adsorptiorand desorption performance of silica aerogels prepdvgddifferent



methods,has yet to be determinedn this work, silica aerogels having different chemical
compositionsvereanalyzed for their microstructure and adsorpaaddesorption 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. Yetsaggestedh the literdure review, there are good reasons to
believe such a system can provide more effective humidificatmehdehumidification due to
large surface area of a conductive substrate (metal foams) coated with silica aklegysds.in
this work this new desiccansystemwas constructedand thenits potential advantagesnd
disadvantages in comparisoncanventional systemsere explored

1.3.2 Statement of objectives

The objectives of thiszork included the following

1. Characterize the thermhbldraulicperformance 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 usingrdiféelvents,
catalysts, drying processes, and aging.

3. Establish the adsorption and desorption behavior of silica aerogels under equilibrium and
transient conditions and obtain the data necessadesgndehumidification 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 -@eaigel

metal foams.
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6. Quantify adsorption/desorption behavior of the coated metal foams and assess the
feasiblity of constructing a fuliscale dehumidification system based on this new
technology.

1.3.3Summary of the thesis

The thermahydraulic performance of metal foam heat exchangers is discussed in
Chapter 2. Pressure drop and heat transfer data for thesblsérate 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 havedstermined; 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 cuoitgactd 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 irChapter 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 Thermathydraulic 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 applicatibhey are
characterized by the size of the windows (or pore diameter) which correlates to the nominal pore
density (usually as pores per iRBPRI), the strut diameter and length, and the poresiiyplume
of void divided by the total volume of the sohdatrix and void). Some of the length scales for

metal foams are defined in Figure 2.1.

(b)
Figure 2.1 Definition of length scale for metal foafas20 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 electroblespite manufacturing and

implementation issues, these materials hold promise both for heat exchangers and heat sinks
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[2.1]. Large porosity (- 1o 11, 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 effmmenpact, and light

weight. If metal foams are to be widely used in thermal systems, their pressprand heat
transfer characteristics must be available to potential users in terms that fit into the current design
methods.This paper focuses on the exipgental 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 Qegyanal to
this need is an accurate evaluation of the flow characteristics to assist in making thodftrade
analysis between the increased heat transfer and the associated increase in the pressure drop for
foam heat exchanger and heat sink designerisite reviews of the topic of the fluid flow in the
porous media in general can be found in the open literatuiie2[2]2

Different experimental and analytical studibave beerconductedto characterize the
fluid flow in a porous matrix on the basis mficroscopically measurable flow quantitid€3arcy
established the weknown D a r c j2.6]svhidh atates thahe pressurelrop per unit length
for a flow through a porous medium is proportional to the prodtithe fluid velocity and the
dynamic vigosity and inversely pportionalto the permeabilitgY0j 0 * ¢V ). Thoughthis
correlation is frequently used for various flow probl#gmough porous medige.g.flow through
soil), however it is applicable only when the permeability based Reynoldsenusvery small
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(YQ 7 @0 * 0 p).Asthe'YQfor 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.
Seguinet 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 foamet &lafie7]
revi ewed D a5 andmodifiedLtdowthe[ fl@w through metal foams. Thasgued 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 bmhakhey concluded that the
transition is material specific and depends on the internal geometry of the porous medium.
Crosnieret al.[2.9] studied air flow through 20 and 40 PBIuminum foam and 20 PPI stainless
steel foam. The porosities of all fosamples were above 90%. The transition from the laminar
to the turbulent regime took placé @ Darcian velocity of aboutnd/s. Tadristet al. [2.10]
investigated the use of aluminum foam with high porosity (above 90 %) for compact heat
exchangers. They perimentally determined permeability and friction coefficients and used an
Erguntype [28] relation between the pressure gradient and the velocity in the foam.
Bhattacharyaet al. [2.11] determined the values for the permeability and the friction
coeffident 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. Booaet 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 metaduins.

! Pore size is commonly given in pores per inch, designated as PPI.
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Naakteborenet 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
lengh 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. Inno@ndihi[2.14]
studied the effect of both sample thickness and the sample fixture on thereréop in nickél
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 kave 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 §.teviewed 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 porousiamend only a few studies
investigated the detailed thermal behavior at the pore level. Ribesio[2.16] investigated the
use of copper foams for smaltale refrigeration systems. Experiments were performed with
microchannel condensers using foamthwlifferent 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 @ide 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 oérige 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 fodomiia and cordierite) by using
transient singldlow technique. Dukhan and Chen [@.bresented heat transfer measurements
inside rectangular blocks of commercially available aluminum foam subjected to constant heat
flux at one side and cooled by air. &kemperature profile in the foam decayed exponentially
with distance from the heated base. [@aial. [2.20] reviewed the mechanistic basis of the
BoomsmaPoulikakos model [21 to predict the thermal conductivity of the aluminum foams,
correcting it andproviding 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, Biaal. [2.22] compared the heat
transfer and pressureagr performance of metébam heat exchangers to another stdtthe-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 costNawazet al.[2.23] considered openell 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 bytwimel experiments in order to make
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the comparison with the louvdm heat exchangerdMoffat et al. [2.24] showed that Hree
parameters must be known to calculate the heat transfer performéreefoamfin: the
convective conductancger unit volume, the effective conduction as a fin, dhd effective
thermal resistance between the foam and the surface to which atttaelsed. They developed a
new test method, which, in conjunction with transient suidbev test, allowed all three
parameters to be measured using specimen.

In the currehstudy, 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 measuaaidteps.

The pressure drop model assumes an Etgp@ dependence of the permeability on the porosity

and relies on experiments to determine important transport parameters. The experimental data
and thermahydraulic correlations provide key informatioleeded 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 closedloop wind tunnel apparatus was used to investigate the théydedulic
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 strifs,heaséra 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 totamaithe desired upstream air temperature
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and dew point at steady state. The air temperature was measured using thermocouple grids
constructed using -Type thermocouples (4 channels upstream; 9 channels downstream), and
chilled-mirror hygrometers were ude¢o measure the upstream and downstream dew points. The
crosssectional 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 s&stion ranging from 0.3 to

7m/s. An ASME flow nozzle (Inlet diameter=11 inches, throat diameter=6 inches)h a
differential pressure transducer, was used to measure air mass flow rate. Another pressure
transducer was used to measure-sale pressure drop across the test section. For the
determination of mas flow rate and face velocity a-Wae anemometer was also used along

with the ASME nozzle. A singlgphase liquid, an aqueous solution of ethylene glycol
(DOWTHERM 4000), was used as the tdide heat transfer fluid. A chiller systemtlwia
commercial heat pump, two large coolant reservoirs, adetirolled 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. Coolantaniétoutlet temperatures were
measured using RTDs.

Coolant flow mixing devices were installed immediately upstream of the RTDs to
provide a welmixed coolant temperature. A Corickdfect flow meter located in the
downstream coolant pipe was used to measmass flow rate. A computbased data
acquisition system (National Instruments) was used to record and monitor the experimental data.
The relevant experimental uncertainties involved in the wimtel 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 $°C
Coolant temperature 8t 6C
Nozzle discharge coefficient ¢ b
Core pressure drop ™ X 0 A
Nozzle pressure Py 0A
Coolant mass flow rate ™ bl EAAAET C
Dew point 8 °C
Face velocity 170
Pressure drop(micro manomete ] 0 A

The entire wind tunnel, the test specimen, and coolant pipes were all insulated to isolate
the system from the environment. Steatigte conditions were considered to prevail when all
individual variables measured were maintained constant within instrumeettainty. The data

stream was sampled for a period long enough to ensure that the averaged readings were
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independent from random instrument errors). All experiments were conducted under dry
conditions and had an energy balancg( 0 S Ay 0 , ANSI/ASHRAE-

33) within 5% when the face velocity was ge¥athan 1.5m/s, and within 7.5% when it was
smaller than 1M/s. Coolantflow rate was constant at 0.08#ls, while the range foinlet
coolant temperate was 47 to 23C. The inlet air tempeture varied in the range of %l to

37°C. The relatie humidity was maintained at %0during 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. Apeesentative sample with the ARl metal foam is shown in Figure
2.3. All samples to compare the effect of pore size were preparedamith confriguration while
deploying foams with differ@ pore sizes (5, 10, 20 andR®I). Specifications and dimensions

of samplegshown in Figure 3) are presentaed in Table 2.2.

4

Figure 2.3 Flat tube metal foam heat exchanger (10 PPI metal foams)

22



Table 2.2 Design specifications of heat exchangers for comparison of effect of porosity

Base metal Al 6061 alloy
Porosity 5, 10, 20, 40 PPI
Tube side configuration | Microchannel flattube (1.5 mm 1.5 mm) 8 channel
Number of fins 10
Fin depth 15 mm
Fin thickness 15 mm
Bonding method Artic silver epoxy k=4.5 W/mK)
Face area 200 mm 174 mm
Tube width 25.4 mm
Tube wall thickness 0.5 mm

2.3.3 Data reduction method

The HazerDupuitDarcy (widely known as the Forchheimer) equation was usesl&te
the pressure drop to the face velocity in the metal foams:
}”/_6 —oo " 3
0O v
It is importantto note that both permeabilit§k) and inertia coefficient§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 walito the Fochheimer regime (0.5m/4.0m/s), and was low enough to
ignore the compressibility effects J2.
In order to evaluate the thermal performance, the heat transfer modeling was undertaken

to account for firefficiency and local mixingup tempeature effects. The total rate of heat

transfer,q, was determined from an energy balance on each stream, and the modeling relied on
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an overall approach, as does all the prior work cited. Namely, for a metal foam heat exchanger

operating under drgurfaceconditions:

g=UA OTMD (2.2)
where
T . -T T, T ,
LMTD — F( air ,in cot:lant,out) ( air, out foolanl |r) (23)
|n aTair,in - Tcoolant,out 0
g air,out Tcoolam; in =+

The LMTD was determined from the measured temperatures, with the flow configuration factor,
F, from Incropera and Dewitt [252 The overall thermal conductance of the heat exchanger,

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

1 41 0 a1l 5
P 0 0 I%)ond (24)
UA~ Zh,Ah 2 EAh S

coolant
The coolantside convection coefficient was determined for théulme singlephase flowduring
the experiments, based on the geometry and flow (there were no esidiafins). The thermal
contact resistance due to bonding of the foam to the t&hgg, was determined from ancillary
experiments, in which it was found that the toé@tside resistances for different bonding
methods were 20, 45 and 80 K/W for brazing, thermal compound and thernxgl (@ptc
silver) respectively. These values were obtained from the experiments performed on geometrical
similar samples (Foam pore siZace area and flow depth) under same test conditions (inlet air
temperature, inlet coolant temperature, face veloeity). The thermal conductivity and
thickness of the bond was included in the analysis to determine the tetadleaithermal

resistanceThe temperature variations in the-aside metal foam fins were accounted for using

the surface efficiency

h =1 M (2.5)

(0]
Afoam + eAbase
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The surface area of the foam for-asidle convectionAwam was determined from

data for foam sudce area per unit volum&he surface area per unit voluntEigure 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 (lessl#€). Relative density
in Figure 24 represents the density of foam relative to the density of base (detaity of

aluminum 6061 alloy is 2700 kgfn

— 40 PPI .

| |—20pp1 | et |

10 PPI :
5 PPl
|

-]
Lh
L=
f=)

2000

1500

1000

Surface area per unit volume (m2/m?)

Lh
L=
f=)

3% 4% 5% 6% 7% 8% 9% 10% 11% 12%
Relative density (%)

Figure2.4 Surface area to volume ratio for metal foalBRG CorporationUSA)

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

assuming a straight fin with an adiabatic tip, following Btaal.[2.22]:

tanhm,_,L;)
hy =——————
My Lt

foam

(2.6)

where the fin parametem.m accounted for the ligament and pore diamet&sand D,

respectively,

Mygarn = /30 D1/ (D k) @.7)
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and the effective thermal conductivity of the foam was taken as theosiceffective thermal

conductivity [220]:

Kt = (L €)Ksoiq /2 (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 performanadfacted 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
characerize 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 FigareA2.demonstrated
by the figure, the pressure drop per unit length increases with an increase in PPI (a decrease in
pore size). The 5 PPl foam, with a pore size of about 4 mm, shows the smallest pressure drop for
all face velocities, while the 40 PPI foamith pore size of about 1.8 mm results in the highest
pressure drop. An interesting finding is how the pressure gradient depends on pdasede.
on the SEM image analysis to quantify the foam geoméigypbre size differs by about 30%
between the %Pl and 10 PPI foam&etermined by SEM image analysis, Table 2a6)d the
pressure gradient increases by roughly 15 to 20 percent at high eslogitivelocities below
about 3n/s, the difference is negligible. However when the pore size becomesrsthalle
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 contributiorptessure 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 Figlie As the data were normalized based on the

total airside surfacarea, 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. Heatdramsficients as high as
400W/(m?K) can be achieved with a B®| metal foam heat exchangeremtthe face velocity is

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

fin heat exchangers under the same flow camast 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.
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Figure 25 Effect of pore size on (a) pressure drop pet lemigth (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 geometndigurationsof 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 presstop. @here were two rounibe heat exchangers
used in this comparison, and yhead identical face areas (200x200mm) and flow depths
(25mm). Sample lhad a continuous block deployment of foam, with round tubes running
through the foam blocksample 2had 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 & foam on the neighboring tube. The pressure drop data for the two-thedoam
heat exchangers are presented in Figura.dt is obviousat relatively low face velocity (less
than1.5m/s) pressure gradients for both samples were comparable brgeatfizce 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 Faqirb. AlthoughSample lhad a slightly
larger heat transfer rate, the values do not differ much. Furthermore the weSghmhple 2vas

almost half that o6ample {0.60 kg for (a) vs0.34 kg for (b))

28
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Figure 26 Metal foam heat exchangers with different geometry

(a)Sample dcontinuous block structure (b) Sampléd@nular structure
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Figure 27 Effect of heat exchanger geometry on (a) pressure drop per unit lengthdioeair

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 Basanetal 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 condugtithie resulting heat transfer rate will be
larger. In order to explore baseetal effects, two samples of the same geometry with differing
base metals wereonstructed (frontal area (200nx200mm), flow depth (28m), number of
tubes turns (10) (see Figuze8). The thermal performance of two heat exchangers is compared
in Figure 29. Sample 1had copper as the base metal for the metal foam, with copper tubes
passing through annular finSample 2was manufactured from an aluminum all@ample 1
showed muchbetter 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 differenaedmethe
performances of two samples is due to the difference in thermal conductivity of the metal foam.
It is important to note thahe thermal conductivity of 20PPI copper foam is about 15\/m
while for 2PPI duminum foam it is about \W/m-K). The themal hydraulic performance is
affected by the porosity and geometry in exactly the same way for the copper foam heat
exchanger as for th@luminum foam heat exchanger. It is important to note that the both foam
type (20PPI) had the same pore and ligamearndies (d=0.36+0.05mmd,=2.54+0.05mnfor
aluminum foam andk=0.35+0.05mm d,=2.56+0.05mmfor copper foandetermined by SEM
image analysjs One important factor to consider is the cost of the base metal as the cost of the
foam is directly related tthe base metal cost. Based on the V8#leeter Journg/August 2013)

the cost of coppglC10100)was approximately 4 times the cost of aluminum alloy (6061)
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Figure 28 Metal foam heat exchangers with different base material (a) copper (b) aluminum
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Figure 29 Heat transfer for samples with different base metal

2.4.4. Comparison to louveifin 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, baseantefin
configuration all affect the performance. In order to evaluate metal foam heat exchanger
performance for HVAC&R applications, a comparison to louvdimedperformance was

undertaken. A statef-the-art louvered fin design was adopted for the carngon (Figure 2.0);
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its characteristics are presented in Table 2.3 (Park and Jacobi, Sampk)1 TA& comparison
considers 10 PPI al umi-nman meplad c efnoeannt afsora t
Obviously, this deployment of metal foam is ngpected 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 FigreUader all flow

conditions the metal foanmheat exchanger performed much better than the Ieduver
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.

l'ube

Louver

f
%
]
28/

F

L d J

Air 8 L
Flow \‘i |'_P' ! ‘
=) e \\\\\_//y?/_ P S
J A
R g Ad
Adr flow Corrugated Louver Bank Louver Bank

louver fin
Figure 210 Louver finheat exchanger geome{:26]

Table 2.3 Characteristics of louvin design[5.26]

L, (mm) L, (mm) U (dd Tp(mm)
Fp(mm) F (mm) Fq (mm) U (mm)
Louver o . Louver Louver o Tube
. Fin pitch Fin length Fin width ] Fin thickness
pitch length angle pitch
1.38 14 12.43 11.15 44 254 14.26 0.24
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2.5 Thermal hydraulic model development

There has been tremendous effort to quantify the themgdrulic 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 cting tfie 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 aneksgnt the results as curve fits in
dimensionless space as explained l&anilarly, for the heat transféhe conventional approach
is based on a model developed by considering the flow through metal foam as a flow through an
array of cylinders. An alteative approach is to resort to pure empiricism.

2.5.1 Existing thermathydraulic models

As discussed earlier, many researchers have tried to generalize and modify the Darcy model
for flow through porous media to predict the pressimg performance of etal 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 nfetah are compared to the modified
Darcy model of Bhattacharyet al [2.11] in Figure 11a. The model of Bhattachagtaal. [2.11]

is given as Equation (2.9):

Qn oo "ol
— =

Qo 0 o C&

In Equation (2.9)K is the permeability, andlfis a dimensionless inertia coefficient. As shown in
Figure 2123 the model makes reasonable predictions at the lowestitetofor 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 tigtoyporous media. Equation (2.10) was
developed by Calmidi and Mahajan [Z} 1o predict the heat transfer coefficient based on the
foam properties such as conductivity, ligament diameter,

h=2£kg%‘d §52Ré§f PP (2.10)
The ligamentdiameter,O , is considered as the characteristic lengtidkyq is the fluid thermal

conductivity. Experimental results are compared to values predicted by this relationship for a 40
PPl metal foam sample in Figure 2bl Although the model is widglused 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 cylindergher in crosslow or parallelflow orientation. This is not

the case in reality (see Figure 2.1
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Figure 2.2 Comparison of experimental data with (a) pressure drof][44) heat transfer

model [2.T] for 40 PPl sample.
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Figure 2.B Metal foam ligament cross sectional viéw different porosities [2 1]

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 Equati®i.This relation can be rearranged as

o ‘[,

w U

&

‘|

b w P p

c

Equation 2.11) provides a linear relationship in terms of face velocity,
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These relations forA and B were used to determine the permeability and inertia
coefficient for three different types of porous media. The results are summarized andecompar
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 oR?=0.99792. Thus, the parameters given in Table 2.4 can be used with
Equation 2.1to 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 redia 0 (md) 6 (m) 0 (m?) 6 (m)
5 PPl Al 3.79 0.0410") | 0.132 0.005 2.70(10" 0.097
10 PPI Al 2.72 0.0410") | 0.095 0.004 1.49(10") 0.07
20 PPI Al 8.37 0.0510°% | 0.082 0.004 1.42(10") 0.10
40 PPIAI 6.91 0.0310°% | 0.086 0.003 5.68(10° 0.0899
* 0 ando are taken from Bhattachargaal.[2.11].

2.5.3. Determination of friction factor f and colburn | factor

For comparison purposes and generality, the pressopeand heat transfer performance of
the metal foam heat exchangers is presented following the convention of Kays and London
[2.27], wherein the friction factof and Colburnj factor are related to thReynolds number
based on hydraulic diameter. With some as yet determined length Isgads, an additional
characteristic length anti[the average densityThe relationship for friction factor can be

represented as
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DP 7 L
f =— " = 2.14
L G?2 (2.14)

where'Omass flux G =7V,,,, with Vmaxthe velocity at the minimum freflow area:

Anin = eAfr (215)

The characteristic length, can be defined by many ways. Some of the options follow:
1 Heat exchanger characteristibydraulic diameter, flow depth, tube spacing
1 Foam characteristics: pore diameter, ligament diameter, ligament length

The hydraulic diameter follows convention:

D, = _‘mgn L (2.16)
AT = Abase +Afoan (217)

The total surface aredy, is comprised of the exposed tube argase, and the surface area of
the metal foamAwam Again, if Dy is used ad.. in Equation (2.14), then the conventional
definitions of Kays and London prevail [Z]2 and we expect=function (Re>n).WhereRe, is

the Reynold number based on the hydraulic diameter of the heat excHaniper.approach
embodied inequatiors (2.14) to (2.17), that convention need not be followed. However, the
geometric parameters must be known.

In order to determiné\ni,, image pocessing technique was used, rather than simply
relying on the reported porosities. Images frorraX tomography [28 were analyzed as
suggested in Figure 21In order to identify the metal in the cross sectional view of foam, a
pixel threshold valuef 100 was set, with pixel values ranging from 0 (black) to 255 (white).
Threshold was set based on the common practice used in Histelgegred based method for
image processing. The minimum flow areas calculated by the isua@gsis (threshold=100)
agreed well with the method reported in the literatye -0 ).Later when the results

were compared with a threshold value 15 the minimum flow area decreased B%o.
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Similarly for a threshold value of the 75, the minimum area was increased by28botlihe
number of pixels exceeding this threshold divided by the total §awéA:. The process was

repeated for five images for each type of foam and the values wewrgesterhe results are

given in Table 5, and other geometric properties are reported in Table 2.6.
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Figure 2.8 Image processing for cross sectional view d?P3 metal foam (a) Xays image of

foam slice (b) intensity distribution of the image.

Table 2.5 Fredlow crosssectional area of metal foams

Foam Measured Manufacture
designation A/ At 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 Pore diamete, Ligament diameteD; | Hydraulic diameterDy,
designation (mm) (mm) (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 2.58t0.05 0.35:0.05 2.69

40 PPI 1.80t0.05 0.20+0.04 1.74

For comparison to other heat exchangers, the friction factor is plotted \Resios
various foams, witth..=Dy, in Figure 2.5a. 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 fgictor. Moreover, because the data do

not collapse to a single curve, there is a strong suggestion that another length scale is important
(not simplyDy,). Through a trial and error process, it vi@snd 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
resultingfit had a relative RMS deviation of +14.86%, and almost all of the data were predicted

to within £20% (Figure 2.8a). The fit uses pore diameterlaswith the Reynolds number based

on hydraulic diameter:

D
fo, =———2 4.975R¢*"*(D, /D, (2.18)

)— 3.708

Similarly, in order to facilitate comparison to conventional compact heat exchangers, the
Colburnj factor, withL=Dy, is presented in Figure Z4. As shown in the figure, foams with
higher pore density (PPI) had highprfactors. In comparison to most conventional heat
exchangers (e.g., louvers), metal foams have a high Cglhactor. Attempting to fit the data in
this format, only toRey,, results in a fit with a relative RMS deviation of more thd%;
however, wherpore diameterD,, is used as an additional characteristic length, the following fit

predicts all dryfoam heat transfer data with a relative RMS deviation of 4%:

. D )

o = =2 E" PP® =2Ren*(D,/D,
D (2.19)

The predicted and measured Colbufactors argresented in Fige 2.36b. The uncertainty was

)0.3213

8%.
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Figure 2.5 (a) Friction factor (b) Colburn j factor for metal foam with different pore sizes

plotted against Reynolds number (based on hydraulic diameter).
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40



2.6 Conclusions

The thermahydraulic performance of the metal foams has been analyzed using data from
wind tunnel experiments. The flow atditions, metal foam characteristics and heat exchanger
geometry affect the performance. The pressure drop and heat transfer rate increase as the face
velocity increased?ore 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 ggooianhetal foam
heat exchangers can considerably reduce the pressure drop without significantly compromising
the heat transfer performancéhe base material of metal foam heat exchangers also plays
important role by affecting the heat transfer rate. @Vénermal hydraulic performance of metal
foam heat exchangers surpasses existing designs such asfiesivéhere are various models
available to predict the pressure drop and heat transfer coefficient, but they are based on non
realistic geometries,nal they fail to predict the performance accuratitlyvas 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 thenffaxttorf and
Colburn j factor based on pore diameter has been developed with reasonable engineering

accuracy.
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Chapter3-Adsorptionanddesorption performance of silica

aeroges

3.1 Introduction

A vast maj ority of recent studies on dehi
devel opment and application of solid adsorben
capacity and hi gher 3liBBi]st uAds ormr @ma wanl sryastt eans
performance result in a considerable decrease
make such dehumi di ficati on systems attractiwv
systems for cadliicmg iaomd demwemiad |y, solid sal't
and cobalt chloride) haveotcrearagigenri ch yagdr soosrchoepnitc
silica gel; however; calcium chloride gfanul e
0.33 kg!/ kg, after the formati2dd 3PfF. t he cwérn do
this problem, desiccant materials based on si
saldsed adsorbents. Th-epermaanwce KMeesn ceaead sas$ oh
vapor from humid vefBdill 8t | onaaaer 6gel duatdi hg
with | ow densintdyyctliovw ttyh e ramalwedd as | arge su
significant attel@b)] owastne [Bt6he alti meggrutdi et i va@ar y an
syst[@8m88Jlas wel | as many ot her asppa icaltatinsel
moi sture adsorption capacity because of i ts

cavities, which gives a hingh, iotom®@&H[393urf ac
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When the water vapor pressure at or near any

adjacent air water vapor pressand, awatadsmoobe

the imporeensalbrfaces of. tAwneo tshielri caad vgaenlt apgaer toifc | ue
t feact that there is no chemical reaction dur
change their chemical compositioh moaodstplhrye. c|
when saturated with water vapor, silica gel
unchanged. The adsorption and desorption c¢ha

vary because of diffeif38)jt AmMbhaotightseringapgete

as a desiccant, the detailed heat and moistur
complicasedngdr oaoceessearch is ongoing. Compreher
physicochemical properties and some -brassaar ch

adsorbents have beten3lt]e paonrde e¢eZdf3@8bhyg ATrh essteo vst udi

tdt saielridcgessled adsorbents have a higher adsorop

with a | ower temperature than the other comm
car bon.
Despite such promising propéeasebj !l iutlyt i méa

materials for sorption systems can only be di
desorbing performance wunder operating conditi

performance of a pormtuisomdesforadr nad sworlbat é ng aad

by the adsorption isotherm, but al so by the
adsorption rat e. Howd war ,@ ¢ o0 gommit co  gpd secmegntt o, b nt hp
composite adyoradmdéittshias ei svyeespecially true fo

of aerogels with different mi crostructures. I
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pr

ty

esent work iIs to investigate the dyeafrdemntc pr

pes of silica aerogel s.

3.2 Literature review

3.2.1 Preparation of silica aerogels

(1

w h

of

SPp

Generally, the synthesis otag&keki phaaerogel
) igelsoprocess to prepare the gel, and (2)
ro@e®@15] I nigel smplt heestrsydr ol ysi s of silicon

termedi ate species and t hesceondpacsiadd onmnhearea

rm aitmemee onal gel network. The secondary s
ich inmglaesttdeycritical temperature and pr
gel to form an aerogel. The supercritical
ecial type of autocl ave assembliy.a Maenryo gred sse
traet hoxy sil ane precur sor (TEOS) using a
emi cal modi fication of si | i c&l esludr]f.a cHo weavse r

|l ica aerogels preparedi sadngnifa@8&spotcuebat
d |l ow porosity, which hinders wider applica
system with a highly polar solvent, the sol

d, t her enfadrueg,e tand si ze of [Bh@] neéeshlatsi hgemolr

at , acetonitrile is a highlyrpglear bamdst iwad t
|l icate nucl eophil e, but reduces the rate of
igh polarity of acetonitril e, which stabiliz
mpl32&] Further more, acetonitrile is an easi
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water and met hanol . Therefore, i n order to o

S

t

er ogedtsoni trile has igeén p@BREREBIsKledHowrvieheg so0l

eports the methods used for the preparation

ommer ciali zati on.

Brinker aBA4]Scdeseri ed the papgaemetpgroxesth
ncluding the waylelmgdtoloysias earméGrceci ed out, tr
he temperature and pressur e. Their wor k al s
pplications of di fferen@5]ypese pdr eade r igleil sa

anogfe porosity from 91% to 98.5% at -aimboxane p
ol ymers were deposited on & ositliingomts RBSACr atn

nd then heated to 450AC. The iféddaoansachpyeknesrsiet

.1 to 3.5 micrtomescdidpeipregydriatyesy(p@®andd concentr
ol vent. The process was optimized by varying
reat men-¢ oatnidngdicpondi ti ons, all owing control

Sc heerte [3216.] found e¢hat swheatad,g the ther mal e X

c

S

auses stretching of the solid networKk. I f t

ame rate as the | iquid; at sl ower rates, som

etal[32 7] presented a procedure to determine t

measured moisture concentration profiles. Th

r

d

el ative error of moi sture diffusivietvya,l uah é m

i ffusion performance.
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3.2.2 Characterization of silica aerogels

Shen [3208.] prepared sigetateehoggue byom B0

derivatives (pol4®thokygdi ewedx dryess,i BBhbatenon

pressur e. The speciyc surface area, pore sSi ze
aerogels were investigated and the results st
approxi mately 6 nm, andi theaaaeragel powas si e

surface area was Yappaodi maeeltyhet™@m@0d monduct i
0. 014KWAMMm room temperat uPa.-GHdr cau ps ewerua ea losfo
on the surface of the silica aerogel s, which
Lucets [319.] analyzed pore structures and mechan
by tradi-¢atoakygebldhsseynt hesis. They concluded t|
modi fied by curing in neat methanol. The curi
size and more cumul ative pore volume than t he
and af ttearealtemetnt st eps. Cured silica aerogel s

90AMC fmin30etainesli ae mefamm,poatem@BdOr abl e to a s

silica aerogel. Heati ng AChd ®@0na mha ke ds iyl idea r a
me an -spiozree ntnoMal @ leitg 4da3 Q] experimentally deter:
di ffusion coefficients of wat er vapor i n pu
i mpregnated silica gefFfsrmdtheatxpertiempretrat we e
spherical particles of silica aerogels with
determined from moisture adsorption rate. The
about three timpeseghawerd isi |l i cTahegedi ftfhearne nier eo
due to the equal contribution of different di
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i's Iimportant to note that salts, whinche drhe o
adsorption capacity of the desiccant or for d
adsorption rate.

Yadav and33 Bph|] matalrdeged eamat iaochsor pti on perf
di f fee indsclacnit sgs si | iada mg enla,, amtdi vaacttedvat ed ch

drayi r. ainlreheed e d e gfeonrevraast | e at eedv a d thautbedcad | ect or .

Theesi omeamet sregener at ed at temperat ur’@s I n
Threegeneereatifioomancley wafsf eqgn eeglte nbayre afipheay rat ur e, bu
depended on t he I ni ti al modesuceanctosnt eand t

ofegenan@ammpanif sotnhe perfor mances agsfhloowe dr atheast
t hreegendnateidomdsor ption times wethbhashatt éowfd
rates. Silica gel was observed to perform be:
f oregenamat iad@dmsor pti on at high and | ow flow rat

3.2.3 Determination of mass difusivity

I n order to undertake a quantitative analy
the mass diffusion coefficient mu st be known
t hrough a porous (nreidcikumanby dadfsdeins adipyufdrsic&n u
di ffostem classified to disvsvmdguwinseh rilte (b
phenomde@affusi on coefficients can be calcul at
used in perfor mamoa pgi 3Bl 3BtYifdre B®ft h or di nary
di ffusion coefficients can be expressed in a
theoretical Arrheni us form as a function of

adsorption).
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The transporpr eparboicliessctelse rtnmaalt condi ti ons ar ¢
Knudsen diffusion becomes i mportant when the

magni tude as the mean free pat hmolfectud e s maroe

independently of each other and diffusion 1is
wal | s. However for characteriFstgiuc el 8ng@gt)h focalnr
silica aerogels is w@aaohfltaegerat bomga,rinehde etr o mi

Knudsen diffusidéborcdnfbesinemg!|l pcoedss through

|l arge pore size (>30 nm). at room temperature

Figure 3.1 Differ38mBtff transport prc

The thassusivity of an adsorption system ca
approaches, the two most common met hods are t

magnetic resonance (NMR) measurement s.

Three experiment al met hods have been devel
coefficient i n desiccant material s: anal ysi s
measur ement s. The first two metbBBodsaoas, bawhaiat
permeability method is I|imited toad$mstacosant f
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