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ABSTRACT

Combustion of gaseous fuels in porous media im@aeenbustion performance and
reduces pollutant emissions by transferring combnsteat upstream via conduction
and radiation to preheat reactants. Such heab&ekdmnay be beneficially exploited
to enhance vaporization of a liquid sprayed upstred the porous medium, in
addition to improving combustion performance. Thissertation presents an
experimental and computational study of evaporainhancement and combustion

of liquid spray aided by porous media.

Blocks of open-cell, silicon carbide coated, caroarbon ceramic foam of bulk cross
section 4 x 4 cm and thickness of 2.5 cm were @sedorous medium sections for
liquid evaporation and subsequent combustion. idifuel (kerosene, n-heptane, and
methanol) was sprayed into a co-flowing, prehed8&® - 490 K) air environment
using an air-blast atomizer, and the spray subselyuentered the porous medium.
In controlled evaporation studies, combustion Heatlback to evaporation porous
medium was simulated with a resistive heating meishha The minimum heat
feedback rate required for complete vaporization ligluid and the vapor
concentration profiles downstream of evaporationops medium were measured.
The stable operating regimes of spray flames irctimbustion porous medium were
determined and a general understanding of flamaadn in porous media was

developed using a Damkoéhler number analysis.

XX



A two-energy equation model was developed to sthdyevaporation enhancement
of liquid spray in the porous media. Combustiorthe porous media was simulated
by using a uniform volumetric heat source in theops region. The solid and gas
phase equations were coupled using a volumetri¢ tneasfer coefficient. The

computer simulations were performed with a comna¢ade, Fluert’ 6.0.

The results showed that the pressure drop acrespdious media increased as the
coflow air velocity, temperature, and linear porensity of the medium were
increased. The measured and predicted surfaceetatapes of evaporation and
combustion porous media showed that the temperatisteibution was uniform
within £ 25 K and 50 K, respectively. The drop®auter mean diameter data
revealed that the spray core region contained dteplith lower diameter, and the
droplet diameter increased radially outward. AtHeadback rate to the evaporation
porous medium section of about 1% of the average fedease in the combustion
section was needed to completely vaporize the kemsfuel. The vapor
concentration level downstream of evaporation pgnmedium with 1% combustion

heat release feedback was 63% higher than thatnwitieat feedback.

Stable spray flames were established both insefer¢ed to as interior flames) and
on the downstream exit surface (surface flamesh@fcombustion porous medium.
The equivalence ratio at flame extinction in eacbden was determined. The
extinction equivalence ratio decreased with a demmein coflow air velocity. A

nominal value of Damkdhler number of 5.0 was regpiito initiate the interior

XXi



combustion mode. As Damkdhler number was increabedextinction equivalence
ratio decreased (i.e., extending the fuel lean apm®r). The axial temperature
profiles in evaporation and combustion porous mediee measured. Also measured
were the radiative heat release from porous mediomnstream exit surface, and
pollutant emissions of carbon monoxide and nitkie. The results demonstrate the
benefits of porous medium in making NO emission ewirat insensitive to operating

parameters such as equivalence ratio and locatimjeator.

Our results also suggest that the use of porousanieaombustors allows operation
at a lower coflow air temperature or with a shogeaporation section. The porous-
medium-burner concepts developed in this dissertatian be employed in many
practical liquid combustion systems such as gabirtar combustors, air-heating
systems, industrial burners, porous chemical resctoeat recovery systems, and

hybrid burners for bio-fuels.
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Chapter 1
Introduction and Literature Review

1.1 Motivation for the Study

Many practical devices such as gas turbines, fesiadiesel engines and rocket
engines are powered by the combustion of liquidstueThe combustion research
community around the world has always been focusingncreasing combustion
efficiency and reducing pollutant emissions of saombustion systems. Exhaust gas
recirculation, selective catalytic reduction, uske non-circular burners, and lean
premixed combustion are some of the techniqueshiined been explored in the past

to achieve these goals.

Exhaust gas recirculation is employed in gasolime diesel engines to reduce nitric
oxide (NQ) emission by mixing some of the exhaust gases wiigine intake
charges (Abd-Alla, 2002). Selective catalytic refthn employs a reductant and
catalyst to reduce NQOemission (Ma et al., 2000), and is primarily usedower
plants. Non-circular burners also reduce certaitufant emission from diffusion
flames (Gollahalli et al., 1992; Smith et al., 2D0G.ean premixed combustion has
been gaining more attention recently for reducir@ k\ gas turbine engines (Huang

et al., 2006; Bell et al., 2006).

Combustion in porous media is a relatively newehméque, which could potentially

reduce the emissions of nitric oxide (NOx) and oarbmonoxide (CO) while



improving the combustion efficiency. In this mathdhe heat from combustion is
fed back to preheat reactants without actuallyrceting the combustion products.
It offers several advantages, such as extensitenafflammable limits, stable burner
operation over a wide range of loads, delivery aibgeneous fuel/air mixture, and

capability to burn low-grade fuels.

Significant amount of research has been done in ghst to understand the
combustion ofgaseous fuelgé porous media. On the other hand, the apphinabf
porous media for liquid combustion is limited. liementation of porous media
combustion concepts tauid fuelswould lead to the development of more efficient
engines with lower pollution emissions. In liqditeled combustion systems, the
pre-combustion events (fuel evaporation and fuekaking) are very crucial and
understanding them helps simplifying the complesitinvolved in the combustion
processes. Porous media could be used to botmealthae liquid fuel evaporation
and improve the combustion characteristics. Thissedtation deals with an
experimental and numerical study kduid spray evaporation and combustion in

porous media.

1.2 Excess Enthalpy Flames

Combustion in porous media is based on the excesisalpy flame concept.
According to this concept, the thermal energy a tombustion products can be

recirculated from the reaction zone to the upstrgmaflame zone by inserting a



porous medium in the former zone. This recircuateat energy is then used to
preheat the fresh reactants. Further, the hedb&ai augments the initial enthalpy
of reactants. Such combustion produces local peaiperatures higher than the
adiabatic flame temperature at a given equivaleatie. These flames are referred to

as excess enthalpy flames or superadiabatic flames.

Excess enthalpy concepts and different methode@faulation of heat energy are
described in Weinberg (1971) and Hardesty and Wemil974). Inserting a porous
solid in the flame zone to recirculate the comlmrstieat was proposed by Takeno
and his coworkers (Takeno and Sato, 1979; and Katach Takeno, 1982). Using
one-dimensional flame theory, Takeno and Sato (198wed that the flame could
be sustained for higher mass flowrates by employogus solids in the flame
region. They also showed that low heat contenttungs could be burned with
increased combustion rate. The study revealed ttletflame structure could be
controlled by the heat transfer coefficient betwabha solid and the gas. The
experimental investigations by Kotani and Taken®8@) reported a leanest
flammable equivalence ratio limit of 0.32 for matkaflames and confirmed the
theoretical findings of Takeno and Sato (1979).bseguently, considerable amount
of research has been conducted and burners, pyreanployinggaseous fueJdhave
been designed and tested. However, implementatioporous media fotiquid-

fueled systems has not yet been stuietbtail.



1.3 Typical Porous Media Combustor Setup

In porous media combustion experiments, generalty gorous media are placed in
the combustion chamber: one (combustion porousan&R®M) in the reaction zone,
and the other (evaporation porous media, EPM)erutbstream region of the reaction
zone. A typical porous media setup is shown in Eigd. CPM is heated during
combustion and establishes a heat feedback to ERMolid conduction and
radiation. The EPM is heated due to this heatlfaekl The heated EPM enhances
the evaporation of liquid spray injected onto it bgnduction and convection.
Intricate flow path and complex structure, whicle amherent to the porous media,
improve the mixing of fuel vapors and air. ThetedaEPM also preheats the vapor-
air mixture and hence prepares a homogeneous, fdenmixture for combustion.
The various heat transfer modes in porous media thed interactions with

combustion are presented in Fig. 1.2 (Viskantapi8arra and Ellzey, 2004).
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1.4 Literature Survey

141 Flow through Porous Media

Ergun (1952) studied the following factors thateaff the pressure drop across a
packed bed: (i) flow rate of the fluid, (ii) visabs and density of the fluid, (iii)
closeness (porosity) and orientation of packingl @v) size, shape, and surface area
of the particles. Based on the experimental datampirical correlation for pressure
drop in packed beds was formulated. The correlatiould be used for a porous

medium, if appropriate values were chosen for ptyr@sd pore diameter.

Macdonald et al. (1979) evaluated the applicabiityeight different pressure drop
correlations for porous media. The results shothkeat the modified Ergun equation
is applicable for a wide range of porosities 0.860t92. From their study, a
correlation for friction factor was also proposeBand et al. (1987) experimentally
studied different flow regimes in porous media offormly and randomly packed

spheres. Reynolds numbers that characterizedaerfinsition were determined.

Civan and Evans (1996) determined permeability tardhon-Darcy flow coefficient
by solving a differential form of Forchheimer eqoat The effect of core length of
porous media was also studied. Civan and Evar@8jl@mpared the accuracy of

pressure-squared and pseudopressure formulatidhe &brchheimer equation.

Zeng and Grigg (2006) presented a revised Forcldremmamber as a criterion for

identifying the beginning of non-Darcy flow in pa® media. The number



represented the ratio of pressure drop due todigalid interactions to that by
viscous resistance. Using the measured data omepadility and non-Darcy

coefficient, the revised Forchheimer number wamfdated.

1.4.2 Heat Transfer in Porous Media

Numerous investigations have been performed torgtated heat transport in porous
media. This section presents only a brief reviéwterature that are relevant to the
current work. A more complete description of hexad mass transfer in porous media

can be found in Wakao and Kaguei (1982), Kavia®98) and Vafai (2005).

1.4.2.1 Characterization of Heat Transfer Propertie

Howell et al. (1996) reviewed correlations for esting thermal conductivity,
radiative coefficient, phase function, and conwectheat transfer coefficient for
partially stabilized zirconia (PSZ) based porousdi@e Viskanta and coworkers
(Younis and Viskanta, 1993; Fu et al., 1997; Fualet 1998; Mital et al., 1998)

developed methods to characterize the heat trapsiperties of porous media.

Younis and Viskanta (1993) experimentally measuterl volumetric heat transfer
coefficients between air and highly porous cerafo@ms of alumina and cordierite
for different mean pore diameters. They presehbeslselt number correlations over

a range of Reynolds numbers and sample thicknessge#m-pore-diameter ratios.



Fu et al. (1997) presented a theoretical model reedipt volumetric radiative
properties. Results of extinction coefficients &ecompared with available
experimental data. Porosity, reflectivity of thergus solid and the number of pores
per inch were the three main factors affected #ukation properties. The extinction
coefficient was found to decrease with an increageflectivity and/or porosity and

increase with an increase in mean pore diameter.

Fu et al. (1998) developed theoretical models basednit cell method to predict
stagnant effective thermal conductivity of cellut@ramics. Results showed that the
effective thermal conductivity was found to deceeawith porosity. Model
predictions were also compared with the availableeamental data. Mital et al.
(1998) described a procedure to measure the radiafficiency (defined as the ratio
between total radiative power emitted by the buaed the energy release rate) in
radiant burners. The authors reported that radiafficiencies were in the range of

20-35 %. They also showed that efficiencies aldtiv&o were not realistic.

Kamiuto and Yee (2005) developed a correlation Yotumetric heat transfer
coefficient between air and open-cell porous makeity compiling the experimental
data of several researchers. The authors alsengezba Nusselt vs Reynolds number

heat transfer correlation.



1.4.2.2 Conduction and Convection Heat Transfer

Lee and Howell (1991) performed experimental anthenical studies on heat and
mass transfer in highly porous media. Permeahildg measured experimentally and
the overall heat transfer coefficient was calculateimerically. Based on their

experiments, they presented different correlation§Sherwood and Nusselt numbers.

Alazmi and Vafai (2000) presented a comprehensnatyais of various models used
for studying the transport processes through poroadia. Models with constant
porosity, variable porosity, thermal dispersiongdlbthermal non-equilibrium were
analyzed. Results showed that the differencesdmiwonstant porosity and variable
porosity models were negligible. Differences amattg local thermal non-
equilibrium models were significant only in the sntegion. However, the models
employing the dispersion effects showed differegsuits depending on the inertia

parameter.

Local thermal non-equilibrium models have been stigated by Nakayama and
coworkers (Kuwahara et al., 2001; and Nakayamd.ef@01). Using a volume-
averaged form of energy equation for solid and gjasses, the authors reported a
correlation for the interfacial convective heatnsfer coefficient to couple the
equations. For one-dimensional problems, the empustvere simplified to a fourth
order ordinary differential equation. Using the dab fluid and solid temperature

distributions were predicted.
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Oliveira and Kaviany (2001) summarized the proceslsading to thermal and
chemical nonequilibrium in gaseous fuel combusiiorporous media. Governing
equations for phase change in porous media assuotabthermal non-equilibrium

were derived by Dual et al. (2004) using volumeteraging procedure. Three
closed form energy equations (solid, liquid, andora were developed in their study.

The effective transport properties were relatethéopore-scale physics.

1.4.3 Gaseous Fuel Combustion in Porous Media

During the past two decades, several investigat@nsghe interactions between the
heat transfer and combustion in porous media haea bonducted. Viskanta (1995),
Howell et al. (1996), and Kamal and Mohamad (200@&@sented comprehensive
reviews on this topic. The authors reviewed theetations for estimating the heat
transfer properties of porous media as appliedotmbuistion conditions. CO and
NOx emissions and radiant thermal efficiency werespnted as functions of flame
speed (Howell et al., 1996). This section presensummary of some important

investigations of gaseous combustion in porous aedi

1.4.3.1 Flame Stabilization

Flame stabilization phenomenon in gas-fired porbumers has been studied by
several investigators (Sathe et al., 1990a; andeSett al., 1990b; Lammers and de
Goey, 2003; Barra et al., 2003; Mathis and Ellz2§03). Tong and coworkers
(Sathe et al., 1990a; and Sathe et al.,, 1990b)estutie flame stabilization and

multimode heat transfer in porous radiant burndfsom their study, they concluded

11



that flame could be stabilized in the upstream batiear the downstream edge of the
porous medium where the velocity profile exhibifgukitive slopes. Both radiative
properties and thermal conductivity of the solidluanced the flame speed and

burner stability.

Hsu et al. (1993) conducted experimental and nuwalkemvestigations on premixed
gas (methane/air) combustion within porous media wifferent pore sizes. Results
demonstrated that the flame speed and burning wates much higher than those of
an adiabatic laminar free flame. 2-D direct nuedrisimulations and volume-
averaged simulations were carried out by Sahraomd &aviany (1994) for
methane/air porous burners. Discrete solid-phasalations showed that forgky
=1, where kand kg are the thermal conductivities of solid and gaspectively the
flame speed decreased as the porosity decreasdien Wky was increased, the
flame speed also increased with a decrease in iporo£ontinuous solid-phase
simulations showed a higher flame speed than tHatdiecrete solid-phase

simulations.

Lammers and de Goey (2003) have conducted a nushstigly on the flash back of
the premixed flames stabilized on the surface agramic burner. Stability diagrams
and flash-back regimes were presented for flamasilizted inside and outside the
burner in cold and hot environments. Results mdid that the volumetric heat
transfer coefficient and effective material condutt influenced the flash-back

limits.

12



Barra et al. (2003) presented a one-dimensionalenigal study in a two-section

porous burner to understand the effects of masepadperties on flame stabilization.
The flame was stabilized at the interface betwéentivo sections. Results showed
that materials with low conductivity, small heaarisfer coefficients, and large
radiative extinction coefficients were desired fmstream section. For downstream
section of the burner, high conductivity and latggsat transfer coefficients were
necessary to enhance the heat transfer. MathisEimdy (2003) conducted an

experimental study to measure the flame stabibpatoperating range, and CO/NOx
emissions for two different methane-fueled porousnbrs. Though the CO/NO

emission level was almost the same for both burribes stable flame ranges were

different.

Barra and Ellzey (2004) numerically studied thethreairculation and heat transfer
processes in methane-fired porous burners. Thégedenondimensional numbers
such as flame speed ratio, heat recirculationieffey, preheat conduction efficiency,
preheat radiation efficiency, and output radiarficiehcy in order to quantify the

recirculation processes. For each inlet conditsostable velocity range was obtained
(48 cm/s — 74 cm/s at an equivalence ratio of Oi@5Sinstance). Flame speed ratio
increased with an increase in equivalence ratitis Enhancement in flame speed
was due to both solid-to-solid radiation and satmhduction within the porous

medium. At a low equivalence ratio of 0.55, condrcteffects were dominant and
radiation effects were negligible. Radiation effebecame important at a higher

equivalence ratio of 0.9 where the conduction ¢$féecame less important.
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1.4.3.2 Pollutant Emission

Khanna et al. (1994) measured the emissions andti@d from a methane-fueled
porous burner for different equivalence ratios #od rates. With an increase in
equivalence ratiog( = 0.6 to 0.87), NQconcentration increased from 5 ppm to 30
ppm, CO emissions increased from 5 ppm to 120 @om radiant thermal efficiency
of the burner decreased. However, at a given elgnga ratio, N@ emissions
remained almost constant and CO emissions weragiyralependent on the flame

location.

Ellzey and Goel (1995) presented the CO and NOsams from a two-stage porous
media burner with different methane-air mixtureesgiths. By appropriately
choosing the equivalence ratios for the two staggscal values of NO and CO
emissions ranged from 17-30 ppm and 10-75 ppmentisely. Results were also
compared with single-stage burners and the autbongluded that the two-stage
burners produced lower emissions than that of sistdge burners. Bouma et al.
(1995) conducted experimental and numerical ingattns of the NO emissions
from ceramic foam surface burners. Computatiomuded 25 reactions and 16
species for methane oxidation and 52 reaction2&8m&pecies for nitrogen chemistry.
The slopes of NO emission profiles were highehmftame zone and became almost
constant thereafter. NO emissions increased s{altiove the surface of the burner)
with an increase in thermal load. The NO profilesse found to depend on the type

of chemical mechanism used.
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Henneke and Ellzey (1995) modeled the filtratiombastion of methane in packed
beds with detailed chemical kinetics. Transientudations were performed and the
variations of solid and gas temperatures and mrassdns of methane (G} carbon
monoxide (CO), and carbon dioxide (g@ere presented along the axial direction of
the burner. Simulation results showed that theen@mopagation was affected by gas-
phase dispersion at equivalence ratios above Riinminger et al. (1996) predicted
the gas temperatures above a porous burner andacedhthem with experimental
values. Temperature measurements were obtainaty umn uncoated type-K
thermocouple, OH-LIF, and laser absorption techesquResults indicated that all of
methane was consumed within the porous mediunfidng rate of 315 kW/rf and

at an equivalence ratio of 0.9.

Zhou and Pereira (1997) numerically studied thelmstion and pollutant formation
of methane/air flames with detailed chemical kieeti Effects of solid radiation,
excess air ratio, and solid conductivity on NO a&@ formation were analyzed.
Results showed that the NO emissions decreased anthincrease in solid
conductivity. Because of the radiative heat feedpthe flame could be stabilized at
the interface between two ceramic blocks with défe porosity. Trimis et al. (1997)
developed a combined porous media combustor artdelkehanger system with low
emission and high energy density. The new systeoumed only 1/20 of the
existing burners and had a power modulation of 2@ NOx emissions were

significantly affected by excess air ratio and lascted by heat load.

15



Bouma and de Goey (1999) reported an experimentdl raumerical study on
premixed combustion on ceramic foam burners. Sawld gas temperatures, and CO
and NO emissions were predicted and compared wigierements. CO and NO
concentrations were found to increase with an as#dn thermal load. Leonardi et
al. (2003) performed theoretical and experimentavestigations of interior
combustion of methane and air in metal fiber busfneaters. Results showed that
the exit gas temperature and radiation efficientyhe burner increased when the

firing rate and equivalence ratio were increased.

Kamal and Mohamad (2006b) studied burner stabilggllutant emission, and

radiation intensity of swirling methane-air gaseocambustion in porous media. The
burner sustained a lean equivalence ratio of Oasai7yielded NOx and CO emissions
of 0-1 and 50 ppm, respectively. The swirl furthereased the radiation intensity by

50%.

1.4.4 Spray Evaporation and Combustion

Spray combustion has been an active field of rebeaver the past half-century with
a pioneering contribution by Spalding (1952). [bBsige reviews on spray
evaporation and combustion are presented by Widi&h®73), Law (1982), Faeth
(1983), and Sirignano (1983). Recently, advancediets for droplet heating and
evaporation (Sazhin, 2005) and drop evaporatiotuibulent flows (Birouk and

Gokalp, 2006) are reviewed.
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Rao and Lefebvre (1976) derived an empirical refeship for kerosene evaporation
by considering the effects of air temperature asbbaity, axial distance from the
injector, fuel injection pressure, and atomizewfloumber. Banhawy and Whitelaw
(1980) predicted the flow properties of a confinkgrosene-spray flame and
compared with experimental measurements. Radudilgs of temperature and axial

velocities were plotted at different axial locason

Reitz and Bracco (1982) examined various atomipatibeories and reported
experimental data obtained from fourteen differaoizzles using five different
liquids. Roles of several phenomena such as ¢eritaliquid viscosity, injection

velocity, velocity profile rearrangement, aerodymarsurface wave growth, and
liquid turbulence were analyzed. Of these, theodaramic surface wave growth
mechanism was able to explain the experimentalteeall. Aggarwal et al. (1984)
studied the vaporization behavior of single-commbnesolated droplets using
different liquid-phase (B law, infinite conductivity, diffusion limit, andnternal

vortex circulation) and gas-phase models. Theastrecommended the simplified
vortex model when the droplet Reynolds number basedelative velocity is high

compared to unity.

Presser et al. (1990) have analyzed the effeqibydical and chemical effects of four
different fuels on the structure of spray flam&woplet size and velocity distribution
were presented. The results showed that viscositye fuel had the largest influence

in droplet mean size and velocity.
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Card and Williams (1992) have presented two foapsteduced mechanisms
(propane route and ethane route) for n-Heptane uwgsetitm from 22 starting
mechanisms. With these reduced mechanisms, thee fletructure and extinction

were studied using rate-ratio asymptotics.

Runge et al. (1998) measured the diameter and tampe of decane, n-heptane,
water, JP-4 and JP-8 droplets during evaporatiiir4 and JP-8 droplets showed an
initial rapid vaporization as lighter fractions wajzed, followed by slower
vaporization due to the vaporization of heavier ponents. Schmidt et al. (1999)
described an atomization model, based on lineairzstdbility analysis for pressure-
swirl injectors. This model primarily employed tlkeowledge on external spray
characteristics. Applicability of the model to gi Sauter mean diameter and spray

penetration was demonstrated.

Benaissa et al. (2002) modeled the evaporationufiqcomponent fuel blends such
as JP-4 and Jet-Al. Droplet diameter and temperaduring evaporation were

predicted. It was found that during the initialagk of droplet evaporation forced
convection caused the evaporation of lighter foati After this short period, the
droplet evaporation followed the classicat-Daw. Widmann and Presser (2002)
presented reference experimental data on methapohy sflames. Spray

characteristics such as droplet size, velocityun flux, and species concentration

were presented for validating computational models.
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Gomez and Russo (2006) reported the physical ctesization of the structure of

ethanol/argon/oxygen coflow laminar spray diffusitaames. The authors reported
the droplet size and axial and radial velocity comgnts of the droplets. Scaling and
self-similar analysis of the flames revealed a matwn@-controlled cold core and a

buoyancy-controlled high temperature boundary layer

1.45 Liquid Fuel Combustion in Porous Media

Haack (1993) numerically studied the evaporatioth eambustion of single Decane
droplets in porous media. Evaporation enhancerdaatto radiative heat transfer
from combustion porous media was studied. Radiafimm porous medium
increased the vaporization rate and droplets dewidtom the standard “Raw.
Flame speeds of premixed Decane flames in porousameere found to be at least

twice higher than that of the free flames.

Kaplan and Hall (1995) conducted an experimentaldysusing liquid fuels in porous

media. Four different designs of heptane-fuelediarat burners were tested to
analyze the stable operating ranges and measugstission characteristics. An air-
blast atomizer with a full cone spray pattern (gpaagle of 66) was used to inject

the fuel. Stable combustion was achieved overethevalence ratio range of 0.57-
0.67. The study reported that burner stability wemarily affected by the droplet
size and the distance between the porous mediumaaale. The study did not show

any evidence for plugging of the porous medium kmuidl fuels. Emission
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measurements indicated that combustion was comateteéhe emissions were found

to be as low as 3-7 ppm and 15-20 ppm for CO ang MSpectively.

Tseng and Howell (1996) investigated liquid fuelmtmstion in porous media
numerically and experimentally. Multi-step chenhignetics for n-heptane was
included in the numerical code. The initial drapd&ze did not affect the burning
rate, since all the droplets were completely vaqaaribefore the flame front. Flame
stabilization was achieved as low as an equivaleate of 0.3. They reported CO

and NQ emissions of less than 10 ppm and 15-20 ppm, c&sphy.

Martynenko et al. (1998) mathematically analyze@& tbne-dimensional, self-
sustaining combustion in inert porous media witaldes of heat transfer. Droplet
collisions with porous medium were modeled usingodision probability, which

depended on particle Stokes number. Predicted pra@iles of solid, gas, and liquid

temperatures, and mass fractions of liquid and veygoe presented.

Jugjai et al. (2002) studied the evaporation anchlaestion characteristics of a
kerosene-fueled, atomizer-free burner. The fue$ wapplied drop-wise using a
syringe. Flame stabilization was achieved by iticigca stream of swirling air.
Combustion characteristics were obtained by meagutihe temperature profile.
Complete vaporization with effective vapor prehegtiwas reported. Stable

combustion was achieved at an equivalence ratigerah0.37-0.55 at a thermal input
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range of 2.62-3.49 kW. The effects of equivalerato, optical thickness of the

porous medium and thermal input on combustion cherigtics were also elucidated.

Park and Kaviany (2002) mathematically analyzed ¢haracteristics of a diesel
engine equipped with an in-cylinder porous regeoera Droplet evaporation and
interactions with regenerator were included in thedel. Droplet-Regenerator
interactions and air preheating due to upstreamatiad enhanced the fuel

evaporation. Increased superadiabatic temper&tuitger enhanced the evaporation
and increased the peak pressure, which correspdondad increase in efficiency. A
thermal efficiency of 53% was reported, while tHigceency of conventional Diesel

engine was 43%.

Jugjai and Polmart (2003) described a novel downsflatomizer-free porous burner.
Axial temperature profile in the porous burner amitter was measured. Effects of
heat input, equivalence ratio, porous bed heighd, the distance between porous
burner and emitter on combustion characteristiceva@alyzed. Stable combustion
was achieved as low as an equivalence ratio of D@, emissions were lower than
160 ppm and CO emissions found to be dependentemperating conditions and

porous bed emitter height.
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1.5 Specific Objectives of the Present Work

The aforementioned literature survey suggests ttittamount of research that has
been done on the combustion of liquid fuels, esdlgcon the characterization of
evaporation enhancement and its interactions widimhbustion is limited. This

dissertation seeks to advance the understandingvaporation and combustion
processes in porous media. Both fundamental argdiedp studies have been

conducted. The following are the specific objeesivf this research:

= To quantify evaporation enhancement rate due tdoostion in porous media

= To measure minimum heat feedback rate requireddomlete vaporization

= To delineate the effects of different fuels on exapion enhancement

= To develop a local thermal non-equilibrium compiotaél model to predict
evaporation characteristics of liquid spray in paronedia

= To predict vapor concentration distribution doweatn of porous media

= To conduct a detailed parametric study to undedstidne effects of heat
feedback rate, porous medium structure, coflowndet temperature, and fuel
flowrate on evaporation characteristics

= To establish regimes of operation of surface ardrior combustion spray
flames

= To study interactions between evaporation and catidou

= To measure pollutant emission characteristicstefior combustion flames
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1.6 Methodology

A series of experimental and computational studias been devised to meet the
objectives stated in Section 1.5. Evaporation expnts were first performed by
simulating the combustion heat feedback rate usingelectric resistive heating.
Next, combustion experiments were performed to st interactions between
evaporation and combustion. Computational simutetiof evaporation enhancement
have also been performed and compared with expetaheneasurements. The

methodology adopted in the study is outlined below:

Evaporation Experiments in Simulated Combustionifemment:

1. To measure droplet characteristics such as demexial velocity, and mass
flux upstream of the porous medium

2. To measure vapor concentration profiles dowastref the porous medium

3. To measure minimum heat feedback rate requaeddmplete vaporization

4. To study the effects of different fuels on theamoration enhancement in

porous media

Combustion Experiments:

1. To determine stable operating regimes of surfaxe interior combustion of
liquid fuels in porous media
2. To study the interactions between evaporati@hpamous media

3. To measure global emissions of CO and NO
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Computational Work:

1. To computationally investigate the evaporatiord a&ombustion of liquid

spray in porous media with a local thermal non-opuum model

1.7 Scope of the Present Work

The present work is motivated by the need of ailgetastudy of evaporation

enhancement and its interactions with combustiopoirous media. Three fuels and
five porous media were chosen for this purpose.cdnjunction, a computational
model was also employed. Using measured and/odigbeel data, a general

understanding of evaporation and combustion has teeeloped.

Evaporation enhancement was experimentally stuched simulated combustion
environment. This simulated heat feedback was tef@daced with direct burning of
liquid fuels inside porous media. Computationaldelosolved for gas and solid
phase temperatures in porous media. Combustidrféedback rate was modeled as
a uniform volumetric heat source in the porous mmedi Further assumptions and

restrictions of the computational model are giveChapter 3.

A physical model has been developed for the condoustf liquid fuels in porous
media. Using the model, the interactions betwesnbustion and evaporation were
explained. Regimes of burner operation and emmssioaracteristics were also

determined.
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1.8 Organization of the Dissertation

This chapter presented an overview of evaporatidraecement and combustion in
porous media. A comprehensive literature review apecific objectives of the
present work are also presented in this chaptérapt@r 2 presents the experimental
setup, procedure and instrumentation used in thislys Description of the
computational model is given in Chapter 3. Expental and computational results
on evaporation enhancement in porous media areussied in Chapter 4.
Combustion of liquid fuels and its subsequent sdgons with evaporation are
presented in Chapter 5. Conclusions and recomntiendafor further study are

given in Chapter 6.
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Chapter 2
Experimental Details

2.1 Introduction

This chapter presents various experimental teclesigmployed to study evaporation
enhancement and combustion in porous media. Theupanedia burner setup and
the different components of the experimental sedtg discussed in detail. The
experimental arrangement for measuring various tifiem is described. The
experimental procedure is outlined. A brief dgstton of the data acquisition system

is also included in this chapter.

2.2 Experimental Setup

2.2.1 Laboratory Combustion Chamber

All the experiments were conducted at the Universft Oklahoma Combustion and
Flame Dynamics Laboratory. A vertical steel tésiraber of 7876 cm cross section
and 163 cm height was used to house the experitsaitgp. The setup consisted of
housing for evaporation and combustion porous med@angular glass test sections,
fuel supply system, and coflow air preheating systé schematic of the combustion
chamber and experimental setup is shown in Figa.2.Three walls of the test
chamber were fitted with Pyrex plate glass wind¢2&x135 cm) and the fourth wall
was fitted with a slotted metal sheet to provide dlocess to the measurement probes.

A base plate with a square opening of side 11 cm fitied at the bottom of the test
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chamber. The porous medium housing sections wersntad on the base plate and
the air settling chamber was located immediatelgwwe¢he base plate. The top of the
test chamber was open to atmosphere through amusixtiact. The ambient pressure
inside the lab was maintained slightly above atrhesp pressure to ensure the
presence of a positive draft inside the test chamf@his prevented the leaking of
products of combustion into the main laboratorylitgc The dimensions of the test

chamber, porous media, and nominal operating conditare listed in Table 2.1. A

photograph of the experimental setup is shown guté 2.1b.

2.2.2 Test Porous Media

Open-cell silicon carbide coated carbon-carbon immawrous media of cross section
4.3x4.3 cm and a height of 2.5 cm were used in thislystuPorous media with
different pores per centimeter (PPCM) were usell pérous media had a porosity of
about 87%. Figure 2.2 shows the photographs @id834 PPCM porous media used
in the experiments. Typical properties of porousdia are listed in Table 2.2.
Porous media with larger PPCM such as 25 and 3& wsed as evaporation porous
media (EPM) and the ones with smaller PPCM sucl8 and 12 were used as
combustion porous media (CPM). The EPM also aete@d flame arrestor during

combustion experiments.
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2.3 System Components

2.3.1 Coflow Air Preheater

The coflow air was obtained from a university-wiclempressed air source. It was
fillered using a 0.1-micron filter and metered gsia calibrated rotameter. The
calibration chart for the rotameter is presentedppendix A. Figure 2.3 shows the
coflow air supply and heater setup. The air wasddpy passing it through a packed
bed of calcium sulphate (desiccant). A high thigug electrical heater (Model:
Sylvania SUREHEAT 36,000) connected to a variabtevgr supply unit and
temperature controller was used to preheat angetdligh temperature air to the test
section. The heater allowed us to set the desenegberatures (up to 1000 K) of the
output air. The flow lines were wrapped with pipsulation material to minimize

the heat loss.

2.3.2 Air Settling Chamber

From the preheater, the hot air was admitted toingmlated aluminum settling
chamber from its sides. The settling chamber nredsti0x10 cm cross section and
10 cm height. The chamber was filled with glasshies of 5 cm diameter to attain a
uniform flow at the exit. Figure 2.4 shows the estiatic diagram of the settling
chamber. Also shown in this figure is the fuekrnipr setup. The injector setup is
described in detail in the following section (Senti2.3.3). To the bottom of the
chamber, the fuel supply pipe was attached usihglaand boss arrangement and
setscrew. The injector protruded into the testisec Further, it could be moved up

and down inside the chamber and locked in posiiging the setscrew.
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2.3.3 Fud Supply System and I njector Arrangement

Three fuels were used in the experiments: aviai@ae kerosene, n-heptane, and
methanol. Important properties of these fuelslsted in Table 2.3. Figure 2.5a
shows a schematic diagram of fuel supply systeachBEuel was stored in a nitrogen-
pressurized tank, and was then drawn from the tamiered using a calibrated
rotameter (see Appendix A for calibration chart)d supplied to the injector. A solid
cone air-blast type injector was procured (Delavadel No. 3060-1) and modified
to fit into the present experimental setup. Figusb shows a schematic diagram of
the injector. The injector was attached to one @hd cylindrical pipe. The Figure
2.4 shows the injector setup with the cylindricgdepand air settling chamber. The
fuel and atomizing air were brought in as sepasiteams and admitted to the
cylindrical pipe at its bottom using a Tee-connatti While the fuel was supplied to
the injector using a stainless steel tube locatesidé the cylindrical pipe, the
atomizing air was supplied through the annulusardietween the cylindrical pipe

and stainless steel tube.

2.3.4 PorousMedia Housing

The evaporation porous medium (EPM) was housedialaminum block of cross

section 10x10 cm and a height of 2.5 cm. A schiemdiagram of the porous

medium housing is shown in Fig. 2.6. The aluminblock had a provision to

introduce the electrical wires to the electroddacaied to the EPM. The porous
medium was insulated from its housing using elealty non-conductive insulating

material.
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235 Test Section

The following three test sections were used instiely.
(1) Borosilicate glass test section
(i) Stainless steel test section

(i) High temperature glass test section

Table 2.4 lists the location and purpose of thest $ections in the experimental
setup. The test sections were of 5 x 5 cm insidesesection and 25 cm height. The
thickness of borosilicate glass used in the testige was 4 mm. Two test sections
were installed on each side of the porous mediunasing (upstream and
downstream). The injector protruded into the wgsstr test section. This upstream
test section also provided optical access to thaysgpiagnostic instruments. Figure
2.7 presents the velocity profile, measured usingt gtatic tube, at the exit of the
upstream test section. The figure suggests tleatidlv at the exit of the test section
is uniform within = 4% of average velocity. The aindrop in the velocity at the
center of the test section is due to the presehdbeoinjector. The downstream
stainless steel test section provided access toplsamprobes during vapor
concentration measurements. The evaporated fyersavere flared using a pilot
flame at the exit of the downstream test secti@tainless steel, porous disk flame
arrestors were installed to prevent the propagatiotie flame into the evaporation
test section. During the combustion experimeihts,downstream glass test section
was made up of a high-temperature Vycagtass test section. The properties of

borosilicate and VycSrglasses are presented in Table 2.5.
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2.3.6 PorousMedia Heating Setup

For evaporation experiments, a resistive heatinghasg@ism was installed to simulate
heat feedback rate from combustion zone. Thisledals to vary the heat feedback
rate in a controlled manner. Figure 2.8 showshamatic diagram of porous medium
heating setup. Two copper plates were placed ftusbpposite sides of the porous
medium using an electrically-conductive high-tenapare cement. A DC power
source was used to supply the required electrid feross the copper plates i.e.,
transverse to the flow direction inside the pormeglium. The porous medium itself
was used as the resistive element owing to its blgbtrical resistance. Depending
upon the desired heat feedback rate, the wattaipeioof the power source could be
set. An electrically non-conductive high temperatgasket sheet was wound around

the porous medium to insulate it from the housing.

2.3.7 Pilot Flame

A pilot flame was used for two purposes: (i) tadlahe vapors during the evaporation
experiments, and (ii) to initiate the combustiontie porous medium. Figure 2.9
shows a schematic diagram of the pilot flame seystainless steel tube of internal
diameter of 2 mm was used as the burner and comahqrality liquefied petroleum

gas was used as the fuel. A needle valve wastossahtrol the flowrate of the fuel.
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2.4 Instrumentation

Several conventional and optical instruments weeduo study the evaporation and
combustion in porous media. A comprehensive listhe instruments and their
purposes is given in Table 2.6. A brief descriptad each instrument and operating

procedure is presented below.

24.1 PhaseDoppler Particle Analyzer

The droplet characteristics, upstream of the ewmr porous medium, were
obtained in situ using a single-component Phasep@ograrticle Analyzer (PDPA).

PDPA measures the droplet characteristics sucheaSauter mean diameter (SMD),
liquid mass flux, particle number density and mearal velocity. In PDPA, two

collimated laser beams are focused at the measuoteloeation. The droplets

passing through this intersection scatter light pnobluce a far-field fringe pattern
that moves past a set of three detectors at theplBwephifted frequency. By

measuring the spatial and temporal frequency of fthge pattern, the droplet
diameter and velocity can be measured. Detailéairmation about the theory of

operation of PDA instrument can be found in Goluhs(2996).

A schematic diagram of the PDPA system is showrign 2.10. The instrument had
two major sets of optics (a) transmitting optics) (eceiving optics. These were
mounted on separate three-dimensional travershiggsand placed on either side of
the test section. A helium-neon laser beam (wangghe= 632.8 nm) was used as the

light source. A manufacturer-supplied software PRDv3) was used to control the
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beam spacing, set velocity offset, and collect Deppignals. The instrument was
configured for forward scattering mode to acquive $cattered signals from droplets.

Major specifications of the instrument are providedable 2.7.

24.2 Infrared Camera

An infrared camera was used to obtain the imag¢hefporous medium surface
temperature during evaporation and combustion. iAsegrument uses mercury-
cadmium-telluride detectors in a sealed, evacuaedosure. The detector is
maintained at 77 K by liquid nitrogen for maximuimetmal sensitivity and high

spatial resolution. A two-dimensional image of theface temperature is achieved
by horizontal and vertical scanning. Specificasiaf the instrument are given in
Table 2.8. A gold plated mirror (96 % reflectivitythe wavelength range of 750 nm
- 1500 nm) was placed above the glass test sectiotaining the porous medium at
an angle of 45to the chamber axis to deflect the infrared raaliato the camera

(Fig. 2.11).

2.4.3 Minimum Heat Feedback Rate Measurements

A helium-neon laser beam was expanded as a laset sking a cylindrical glass rod.
The laser sheet was shined at a location downstrefathe evaporation porous
medium. If the evaporation was not complete, sdnoplets would be present and
scatter light. In that case, the porous medium waternally heated till the

vaporization was complete. The external heatimgukited the heat feedback rate

during combustion. The minimum heat feedback regquired for complete
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vaporization could then be determined. The definitand detailed measurement

procedure of minimum heat feedback rate are predentSection 4.5.

2.4.4 Vapor Concentration Analyzer

Vaporized fuel concentration downstream of the evafion porous medium was
measured using an organic vapor analyzer with alytet oxidation sensor. A

schematic diagram of the vapor concentration measent setup is shown in Fig.
2.12. Vapor samples from the test section werg/minasing a stainless steel probe
with an internal diameter of 0.5 mm. The probe #od lines were heated using
electrical heating tape to prevent any potenti@demsation of vapor. The reaction
chamber of the organic vapor analyzer was sepafated the instrument and also

held under heated environment.

2.4.5 Temperature Measurement

Temperature measurements were taken at the fodphegations in this study:
(1) Coflow air temperature measurement and feedlcaakrol
(i) Temperature along the wall of the porous media
(i)  Temperature inside the combustion porous medi

(iv)  Combustion gas temperature above the porousume

All temperature measurements were taken using E-{{phromel-Alumel) and R-
type (Platinum-Platinum 13% Rhodium) thermocoupl&svo sets of thermocouples

were made in-house. Thermocouples with wire aralllskameters of 0.5 mm and
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150 pm, respectively were used for coflow air terapege and combustion gas
temperature measurements. Porous media tempenaegasurements were taken
with thermocouples of wire and bead diameters 4fm and 450 pm, respectively.

The data collection procedure is explained in $ack.6.

2.4.6 Combustion Gas Analyzers

The global emissions of CO, NO, and concentratmin€0O, and Q were measured
with a series of gas analyzers. A schematic dragrathe combustion gas analysis
setup is shown in Fig. 2.13. Gas samples weredelll using a Pyrex cone placed
above porous medium. The use of a cone ensureththtotal combustion products
are collected and well-mixed. An uncooled quagmpgling probe with an internal
diameter of 2 mm was placed at the top end of timec Solid particulates and other
sooty substances in the gas sample were filteried) @scoarse (glass wool) and 0.1-
micron particulate filters. The sample was alssspd through a glass condenser
placed in an ice bath. A vacuum pump was usedaw the sample and the flowrate

of the sample gas was monitored with a rotameter.

Concentrations of CO and GQvere measured using a non-dispersive infrared
analyzer. NO concentrations were measured usi@gemiluminescence NO-NO
NOx Analyzer. Oxygen concentrations were measurell aiPolarographic sensor.
From the measurements, the global emission indexocakulated as follows (Turns,

2000, p. 554):
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Emission index of speciesEl, = X, EA MW, (2.1)
Xeo ¥ Xeo, MW

fuel
where,
Xi - mole of fraction of the species of interest
Xco - CO mole fraction
Xcoz2 - CQO, mole fraction
X - number of carbon atoms per mole of fuel
MW; - molecular weight of the species of interest

MWsuel- molecular weight of the fuel

2.4.7 PressureDrop and Velocity Measurements

Pressure taps were made at two locations in theséesion: 30 cm from upstream

surface on each side of the evaporation porousunediThe pressure drop across the
porous medium was measured using a water-columubb4nanometer (Fig. 2.14).

The velocity of coflow air was measured with a pgtatic tube. The pitot static tube

was connected to an electronic manometer to medbaréocal dynamic pressure.

From the knowledge of local density, the local gatocity was calculated using

Bernoulli’'s equation, as follows:

2(P, -,
p

Local velocity,v = (2.2)

where,

Py - static pressure
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P, - stagnation pressure

p - local density

2.4.8 FlameRadiation

The radiation emission from flames was measuredgusi pyrheliometer. The
instrument has a sensitivity value of 28.4 mV. Data were averaged and
corrected for background radiation. The analogagd output was converted into
radiative heat flux using a calibration chart pdmd by the manufacturer. From the
radiative flux, the radiant heat fraction was ctdted as follows (Bruzustowski et al.,

1975):

2
Radiant heat fractionF = M (2.3)
mLHV,

where,
I - distance between the flame and pyroheliometer
R - radiative heat flux
m - mass flowrate of fuel

LHV¢ - lower heating value of fuel

The instrument was located at a distance sufficemdugh to treat the flame as a

point source [inverse square law, Brzustowski ef1#75)].
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2.5 Test Matrix

Table 2.9 describes the various experiments peddrnAll the experiments could be
categorized as follows:
(1) Evaporation experiments in porous media

(i) Combustion experiments in porous media

2.6 Experimental Procedure

The procedure adopted depends on the type of expetiand the specific parameters
of interest. While a detailed measurement procedsr presented later in the
appropriate sections, a general procedure folloshethg the measurements is given

below:

Start up:

First, the coflow air preheater was turned on.

= |t took an average of 1% hour to reach a steadye¢eature of 450 K in the
test section.

= The supply pressure of air was maintained constdémbughout the
experiments.

= The flow rate of air was set to produce the desugdcity in the test section

using a calibrated rotameter.

= The liquid fuel tank was pressurized using compésstrogen.
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= The propane pilot flame was ignited downstreanmhefgorous medium.

= The flow rate of liquid fuel was set at the desivatle.

= The flow rate of atomizing air was set to attast@ady spray.

= Once the fuel was continuously supplied and theoksgtarted to burn, the

propane pilot flame was turned off.

Shutdown:
= The propane pilot flame was again ignited downstredthe porous medium.
= The liquid fuel flow was shut down.
= The pilot flame was turned off after it completddyrned off all the fuel
vapors.
= The fuel tank was depressurized.
= The coflow air preheater was turned off and theflaw rate was continued

until the heating elements were brought to roonpienature.

2.7 Data Management

2.7.1 Data Acquisition System

The data acquisition system consisted of Nationatriments’ LabVIEW 7.1 data
acquisition software, signal-conditioning device BB000 and a PC interface card
PCIl 3122-E. SCB-100 both accepts and generatdeganad digital signals. The
output data from the instruments were directly fedhis device, which were then

transferred to a desktop computer via the PClI #2aterface card. Figure 2.15
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describes a typical setup of the data acquisitystesn. The thermocouples (set up in
the porous medium to study the temperature vanataring combustion) were

connected to SCB-100. The analog voltage sigmaia the instruments, such as the
electronic manometer and radiometer, were alsoextdad to SCB-100. Further, the

SCB-100 device generated digital signals for cdimigpstepper motor.

For spray diagnostics, a manufacturer-suppliedwso#t, PDPA v3 was used. This
software acquires and conditions the data. Datee vaequired for the entire
conditions given in the test matrix. The data wamged in a personal computer with

appropriate naming conventions.

2.7.2 Data Analysisand Integration

The test matrix presents an overview of the expemisiperformed in this study. The
pressure drop measurements are used to obtainnfleathanic characteristics such as
viscous resistance and inertial coefficient of guweous medium. Such results are
useful in modeling of flow through porous mediaheTtemperature characteristics
with simulated heat feedback rate (measured wighntbcouple and IR camera) are
essential to understand the temperature uniformitghe porous medium during

combustion process.

The spray diagnostic data such as velocity, drapiet, and mass flux of liquid fuel
are used to establish initial conditions of theagpbefore entering the porous

medium. These data are used to determine thefaleoplet size distribution during
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evaporation and combustion in porous media. Thapenation enhancement in
porous medium could be understood with the knowdeafgvapor concentration data

and droplet characteristics upstream of the ponoedium.

The stability experiments provide the operatingtsnof combustion in porous media.
Global emission measurements explain the pollutcraracteristics and the
effectiveness of combustion in porous burners. Bhgal simulations are useful to
predict evaporation and combustion processes inoysor medium. Such
computational models are used to conduct paramstinidies, which could provide
immediate results over a range of test conditiorBaus, the experimental and
numerical results were used to understand the oblgporous medium in the

evaporation enhancement and combustion of liquatsfu

Appendix B shows a sample calculation of parameitersived in the evaporation
enhancement and combustion in porous medium fromsuored data. Uncertainties
in experimental measurements were computed usatptetal theory. Appendix C
presents a description of the uncertainty anabsda sample uncertainty calculation

procedure.

2.8 Chapter Summary

This chapter described the experimental setup usatudying the evaporation and

combustion of liquid sprayed upstream of porous imedvarious instrumentation
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used and procedure followed to collect the dateevestpplained. A brief description

of data collection, analysis, and integration was® presented in this chapter.
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Table 2.1 Combustion chamber dimensions and noramaient conditions

Parameter

Value

Test chamber:

Test chamber dimensions

Cross section: 676 cm
Height: 163 cm

Pyrex glass plate window 25x135 cm
Porous medium housing Cross section: b cm
Height: 25 cm

Porous media: (Manufacturer — Ultranfat

Pores per centimeter

31, 25,18, 12, and 8

Cross-section 4x4 cm
Thickness 2.5cm
Porosity 87 %
Ambient conditions (on a typical winter day):

Ambient pressure 102 kPa
Ambient temperature 2r
Humidity 42 %

Operating conditions:

Fuels

Kerosene, n-Heptane;
Methanol

Fuel tank pressure

0.34 atm (gauge)

Injector type (Delavan Model 3060-1) Solid cone
Spray angle 40

Atomizing air flow rate 4-8 I/min

Coflow air flow rate 75-195 I/min
Coflow air velocity 1-3m/s

Fuel tank pressure 0.34 atm (gauge)
Temperature of the secondary co-flow Cold-450 K
Reynolds number (based on test section 5600

dimensions and coflow air velocity at 450 K
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Table 2.2 Typical properties of porous medium

Property Value Units
Bulk density 0.1-1.45 g/ci
Ligament density 3.2 g/chn
Surface area 0.08 Fom®
Specific heat 0.34 calfg
Maximum use 1700 °C
temperature

Thermal conductivity 1-3 W/m-K
Porosity 87 %
Number of pores per | 8-31 -
centimeter

Table 2.3 Important properties of the fuels usethenstudy

Property Kerosene (Jet A) | n-Heptane | Methanol
Type Multi-component | Paraffin Alcohol
Chemical formula ©H23 C/His CH;OH
Number of carbon atoms 12 7 1

C/H 0.52 0.44 0.25
Molecular weight 167 100.20 32.04
Specific gravity 0.81 0.684 0.792
Boiling temperature, K 477 371 338
Const. pressure heating | 43.4 48 22.7
value (Higher), MJ/kg

Const. pressure heating | 42.8 44.6 20.1
value (Lower), MJ/kg

Latent heat, kJ/kg 350 316 1170
Stoichiometric air-fuel ratiq  14.7 15.2 6.4
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Table 2.4 Uses of different test sections in theeexment

Experiment

Upstream

Downstream

Spray diagnostics

Borosilicate glass tes
section

stBorosilicate glass test
section

Minimum heat feedback

Borosilicate glass teg
section

stBorosilicate glass test
section

Vapor concentration

Borosilicate glass tes
section

tStainless steel test
section

Combustion

Borosilicate glass tes
section

[ High temperature glas
test section

[72)

Table 2.5 Properties of Borosilicate and Vytgtasses

Property Borosilicate Vycor®
Density 2.23 2.18 g/cn
Strain point ~516C 890 °C
Annealing point 560C 1020 °C
Softening point 815C 1530 °C
Thermal expansion (0-300° C) 3.3 X10°C 7.5 x 10/ °C
Refractive index 1.474 1.458
Continuous operating temperature 280 900 °C

"Supplied by the manufacturer
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Table 2.6 List of instruments and their purposes

Instrument Type Manufacturer Model Range Purpose
Camera Digital Canon EOS Digital | Shutter speed:| Flame imaging
SLR Rebel XT EF- | 1/4000-30 s
S 18-55
PDPA Light Aerometrics XMT-1100-5 | Overall size Velocity and
scattering | (Now TSI Inc) RCV-2100-2 | range: 0.5 — diameter of
MCB-7100-5 | 3000um droplets
DMS-4000-5
PDPA v3.57
Infrared Infrared Inframetrics 600 -20 - 1060 | Surface
camera [Extended] temperature
Vapor Catalytic Bacharach 0023-7350 0-10,000 | Vapor
concentration | oxidation ppm concentration
analyzer
Thermocouple| K Omega Temperature
NO Analyzer Chemilumi- Thermo 42H 0-5000 ppm NO
nescence | Environmental concentration
CO Analyzer NDIR Rosemont 880 A (6{0)
Analytical concentration
CGO, Analyzer | NDIR Rosemont 880 A CQ
Analytical concentration
O, Analyzer Polaro- MSA MiniOX | 0-22% Oxygen
graphic concentration
Manometer Electronic Datametrics Model 1174 Pnessu
Radiometer Pyr- Hy-Cal Wide angle Radiation
heliometer (150°)
Data- National SCB-100 Data
acquisition Instruments acquisition
Hardware interface
Data LabVIEW Version 7.0 Data
acquisition acquisition
Software Software
Computers Pentiutv | Dell Computer

Other instruments/devices:

Pitot static tube, U-tube manometer, rotameteasenise mechanism, sampling probes, and oscillos

cope
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Table 2.7 Major specifications of PDPA instrument

Parameter | Value Units
Overall Settings:
Colliminating lens 300 mm
Transmission lens 500 mm
Receiver aperture 100 pum
Collection angle 30° reflecting

particles
Photomultiplier tube 450 - 550 \%
voltage
Specific Settings:
Velocity Offset 0.0 m/s
Velocity Range 7.39 — 98.98 m/s
Velocity Minimum 0 m/s
Velocity Maximum 97 m/s
Measurement Range 7.39-97 m/s
Diameter Range 0.8-103.3 |pum
Diameter Maximum 100 pm
Measurement Range 2.9-100.0 |pum

Table 2.8 Major specifications of infrared camera

Parameter Value Units
Distance between detector | 54 cm
and mirror

Filter Open — Extended| -
Background temperature 25 °C
Emissivity 1.0 -
Image averaging 16 Frames
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Table 2.9 Test matrix

Fuel PM | Teofow | INnjector | Stabil | Temper | Emissi | Radia | Veloci

Type location | -ity -ature -on -tion -ty

Kerosene| 65-30 450K 2cm v
3-6 cm v v v v v

Kerosene| 80-20 450K 2cm v
3-6 cm v v v v v

n-Heptane| 65-30 2.cm v
3-6 v v v v v
n-Heptane| 80-20 2cm v v 4 v v
3-6 v v v v v
Methanol | 65-30 2cm v v 4 v 4
3-6 v v v v v
Methanol | 80-20 2.cm v 4 v v v
3-6 v v v v v
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1 — Air filter and
rotameter assembly

2 — Coflow air preheate

3 — Atomizing air
rotameter

4 — Kerosene rotameter

5 — Settling chamber

6 — Glass chamber

7 — Injector

8 — Porous media
housing

9 — Fuel tank

10 — Nitrogen tank

11 — Steel chamber

12 — Cooling fan

13 — Screen

14 — Mesh

15 — Butterfly valve

16 — Vapor combustion
section

17 — Propane pilot flame

11

T Exhaust

:I . 16

13 14 y ‘—»

10

Figure 2.1a Schematic diagram of experimental setup
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Figure 2.1b Photograph of the experimental sethp\® here is a typical minimum
heat feedback measurement experiment)
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4.3 cn

(a) 25 PPCM

(b) 31 PPCM

Figure 2.2 Photographs of the porous media usedperiments

1 — Cold-air inlet
2 — Pressure guage

6 — Dessicant
7 — Air heater

8 — Heating element

9 — Atomizing air

10 — Hot air outlet

3 — Filter
4 — Flow divider
ll 5 — Rotameter

[l

Figure 2.3 Coflow air supply and heater setup
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N — ] 1 — Fuel
2 — Atomizing air
3 — Settling chamber
7 4 — Marbles
5 — Coflow air inlet
6 — Test section
7 — Injector
8 — Screen
9 — Fuel tube locator
6

£ Not to scal

o

N

v [ 1
8
5
o ° ,
5
4_
9
| 2
_4—

Figure 2.4 Schematic diagram of settling chambédriajector setup
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1 — Compressed nitrogen
2 — Fuel tank

3 — Needle valve
4 — Fuel filter
5 — Rotameter

®

To injector
—p

=

NY

Figure 2.5a Schematic diagram of fuel supply system
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Dimensions:

A=12.7 mm; B (Hex) = 15.9 mm

C =68.3 mm; D (Hex) = 19 mm

Inlet Sizes:  Air—1/4" NPT
Liquid — 1/8” NPT

Figure 2.5b Exploded view and the diagram of th&.B¥AN air-blast atomizer
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1 — Porous medium
2 — Insulation

3 — Copper wire

4 — Thermocouple

5 — To power supply

Figure 2.6 Schematic diagram of porous medium mgusi

PR e
N A O 00N

Velocity, m/s

0.2 Q=100 I/min

0 4 T ‘ ‘ <
-20 -10 0 10 20

Radial location, mm

Figure 2.7 Velocity profile at the exit of the ugestm test section
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1 — Porous medium

2 — Copper plate

3 — Electrical wire

4 — Variable DC power

supply
2

Figure 2.8 Experimental arrangement for porous omadieating setup

1 - Stand

2 — Burner

3 — Pilot flame

4 — Flow control valve
5 — Fuel hose

D=|]4 6— LPG tanl

L ° =

6

Figure 2.9 Pilot flame setup
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1 - Laser

2 — Beam splitter

3 — Motor controller

4 - Computer

5 — Measurement volume
6 — Detector

Figure 2.10 Schematic diagram of the PDPA system
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F<--ooooooIIooIiooIooIisoIiiol >
1 —Gold-plated mirror
2 — Evaporation porous
medium
T 3 —Glass test section
5 — Infrared camera
w3 6 — Controller
7 7 —Output screen / TV
4

Figure 2.11 Experimental setup for surface tempeeamaging with IR camera
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f IIII:illIIIIIIIIIIIIIIIIIIIIIIIllllllllllllllm

CpTATATYTY 1 — Porous media 6
R 2 — Sampling probe
1 3 — Heating tape

4 — Power supply
5 — Sensor element
6 — TLV Snifer

Figure 2.12 Experimental setup for vapor conceiatinaneasurement
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(43

NY

4

— °

1 — Porous medium

2 — Funnel °

_ _1_ 3 — Probe 9

| Fasaesaes | 4 —_ Condenser

5 — Filter 10

6 — Gas pump

7 — Rotameter

8 — G analyzer -

9 — NO analyzer

10 — CQ analyzer

11 — CO analyzer

Figure 2.13 Schematic diagram of combustion gagposition analysis setup
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1 — Coflow air settling
chamber

2 — Pressure tap

3 — Borosilicate glass
test Section

4 — Porous medium

.

housing
) 5 — Vapor burning
< | L section
6 — U-Tube
manometer

A}

.

Figure 2.14 Pressure drop measurement setup
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1 — Thermocouple or any voltage input
2 — Stepper motor control

3 - SCB-100

4 — Computer

5 - PCI-3021E

Figure 2.15 Typical setup of the data acquisitigstesm
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Chapter 3
Computational Modeling

3.1 Introduction

This chapter presents computational models uselisnstudy for the simulation of
evaporation enhancement in porous media. Govereiqgations and solution
procedure are described. Grid generation and kayndondition setup are also
explained. A comparison of model predictions withblished data validating the

model and solution scheme is also presented.

3.2 Model Assumptions

Modeling liquid fuel spray evaporation in porousdi@einvolves the phase change of
a liquid under complex heat transfer and the sulsgmixing of vapors inside a
solid medium. The following assumptions are madeorder to reduce the
complexities involved in the problem:
1. The computational domain is assumed to be synoradiout the injector axis.
2. The heat feedback from the combustion zonenmilsited by a volumetric
heat source in the porous region (i.e., solid phasergy equation). This
allows us to simulate the combustion heat feedlimekcontrolled uncoupled
manner.
3. A single-component fuel (GH»3) was assumed for kerosene. Multi-

component effects are primarily dominant when thporization takes place
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at a low temperature. The temperatures consideredis study are in the
range of end boiling point temperatures of Kerosefiethis temperature, the
single component fuel assumption suffices for arialy the vapor
concentration.

The porous medium is treated as inert, homogeneand isotropic and is
assumed to have a constant porosity. The simoktigith an isotropic
porous medium would serve as a baseline study Heranisotropic case.
Since the porous medium employed in our study heendom pore matrix,
this assumption is reasonable. Further, modelingaaisotropic porous
medium is computationally expensive.

The flow effects of porous media are includediak terms in the appropriate
momentum conservation equations.

The effects of the porous medium on turbulereeegation or dissipation in
the gas phase are neglected. The porous mediusnnddeender unimpeded
eddies of arbitrary size to the fluid flow (as inetcase of conventional
turbulent flows), and hence, this assumption isfjad (Nakayama, 1995).
The direct interactions of droplets with porousdia are neglected. However,
these interactions are included via the interastioindroplets with the coflow
air stream, which interacts with porous medium.

The hydrodynamic and thermal dispersion effects not included. These
effects account for the spreading caused by theuysamedia in addition to the

molecular and turbulent transport.
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9. The effects like film formation and fuel pyrolydnside the porous medium
are neglected and further the fuel is assumed tbdrenally stable. Since the
focus of the present study is on the evaporati@mnagteristics, film formation

and pyrolysis effects are neglected.

3.3 Governing Equations

The present study involves three phases: gas (@ud (fuel), and solid (porous
medium). The gas and solid phases are consideredetcontinuous and the
governing equations are written in the Euleriamiea The liquid spray is assumed to
be discrete and the governing equations are pesddnt a Lagrangian frame of
reference. For steady, 2D axisymmetric, varialdesity, non-isothermal, non-
reacting, turbulent flows, the governing equatians given below (Kuo, 1986; Bird

et al. 2002):

3.3.1 Governing Equationsfor Gas and Solid Phases
3.3.1.1 Overall Mass Conservation

Overall mass conservation is given by,

(3.1a)

where &, is the mass addition due to droplet vaporizatiohll the symbols are

identified in the Nomenclature presented in Appgridi The mass addition source
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term is computed by examining the change in massach droplet as it passes

through the control volume, as follows:

__am, iy, (3.1b)

d,0

S

whereAmq is the change in mass of the droplet in the contsume (kg), mois the

initial mass of the droplet (kg), ang ,,is the initial mass flowrate of the droplet

injection traced (kg/s).

3.3.1.2 Gas-phase Species Conservation

Individual species mass conservation in the gaselsagiven as

pul vl D V)2 -

0 GVi 10 GVi
“PDin| | || T ||t
Tl ox | ox ror{ or

where $is the source term of th® species arising from droplet vaporization. For

fori=1..N (3.2
S

fuel vapors, this term is obtained from the diserphase calculation of droplets
(Equation 3.1b). In this study, a constant valéi®.88 x 10° m?/s was used as the
diffusion coefficient in Equation 3.2. Note that teplacing the diffusion coefficient
(Di.m) with proper dispersion tensor one could studypelision of fuel vapors inside

the porous media.

66



3.3.1.3 Gas-phase Momentum Conservation

Gas-phase axial and radial momentum conservatioatiens are given below:

Axial Momentum:

p[U%—E+V%+%(E2)+%§(w'V' )} =

op d(ou) 10( ou
———tW | [T T || TS
0Xx 0x \ 0X ror\ or

(3.3a)

where & is the source terms arising from pressure droptdudroplet momentum
interactions with continuous flow field. The mom@m exchange is computed by
examining the change in momentum of a droplet gm#ses through each control

volume. Hence@is given by:
Sy = Z(FD (ud - U))mdAt (3.3b)

where b is drag force acting on the droplet, ia the droplet velocity, and U is the

gas phase velocity. This is elaborated furthe3eantion 3.3.2.

Radial Momentum:

p[Ug—:+V%—;—/+%(\/_'2)+%%(ru'v' )} =

- - 3.4
op_ |0 (0V ) 190( OV G4
—— T = = [t +Sfd
or ox\ ox ) rorl or

The source term;@is also calculated using the Equation 3.3b.
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Velocity Formulation in Porous Medium Model:

Equations 3.3a and 3.4a represent the momentumem@ti®n for the entire
computational domain. In this study, the porouglioma occupies only a portion of
the domain. The gas velocity inside the porousiomeds called the interstitial
velocity. The interstitial velocity is calculatég multiplying the bulk velocity by the
reciprocal of the porosity of the medium. Momentaquations outside the porous
medium are based on the bulk velocity, and inside porous medium, the
momentum equations are applied to the interswgédcity, which is calculated using
the porosity. Further, the effects of the porowedimm are considered by including

an additional pressure drop termy}$ the gas-phase momentum equations.

Calculation of Additional Pressure Drop due to ReriMedium:

The additional pressure drops due to the preseh@®rous medium are modeled
using a quadratic form of Forchheimer equation daysadering the non-Darcy flow in
porous media. The following source term is adaethé axial and radial momentum

equationonly in the porous region
s, =4 Pu+c,ip|ulu 35
b ={busc. 2oyl @9

If the Equation 3.5 is averaged over the entireopsrmedium region, the negative

sign disappears. Then, the permeabili®y &nd inertial coefficient (§ in the
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equation can be calculated using a modified fornfEx@un equation (Ergun, 1952;

Macdonald et al. 1979), which is shown below:

_ 2 -_
Bp _Ky(-efu  Kopl-g) (3.6)

2~3 3
I dps dps

Comparing the right-hand-side terms of Equatiofisehd 3.6a, expressions for the
permeability and inertial coefficient are obtainedterms of permeability and pore
diameter, as follows:

d23

q :p_az (3.6h)
Ki(1-¢)

c, = 2K2(1; £) (3.60)
dps

From the knowledge of pore diameter and poroshg, permeability and inertial
coefficient of the porous medium can be calculatgidg the Equations 3.6b and 3.6c.
The values of pore diameter and porosity are obthfrom Ultramet. Note that in
Equations 3.6a-c, the ;Kand K are Ergun constants. Macdonald et al. (1979)
presents the following range for these constants: K50 to 180 and ¥~ 1.5 to 4.0.

In the present study,Kand K values of 180 and 4, respectively correspondirtyéo
packed beds with roughest particles, are choserth e Equations 3.6b and 3.6c¢,

the additional pressure drop due to porous medsaicaiculated using Equation 3.4
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and substituted in the appropriate gas-phase mammeobnservation equation. For a
pore diameter of 49qum and a porosity of 87%, the permeabilityy @nd inertial
coefficient (G) of the porous medium were calculated as 4B8° m? and 3510 nf,

respectively.

3.3.1.4 Turbulence Modeling

Turbulent quantities arising from the averaging in§tantaneous variables are
modeled using the Reynolds Stress Model (RSM).s Tiodel closes the Reynolds
stress by solving five additional transport equagio The RSM accounts for

streamline curvature, swirl, rotation, and rapidmes in strain rate. The transport

equations for Reynolds stresses,;v'j are given below:

e et

Ok OXg OXy | OXk
(3.7)
- ov; LAV
-p| vj Vk ) +VJV|( aV G” +(p” —Zuai_J_F”
an an an an
where
Ok = 0.82
Gj = Bﬂ(g (;9)3’ +9; :T] (Buoyancy production) (3.8a)
J
@j = Pjj1+Pjj2 T Gjw (Pressure strain) (3.8b)
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Here, @;1 is the slow pressure-strain terg,, is the rapid pressure-strain term, and

@jw is the wall-reflection term.

i = Zka(Uljulmgikm + U;UImEjkm) (3.8¢)

(Production by system rotation)

Detailed information on the RSM is available in hder and Spalding (1974). Note
that the turbulence effects in the porous medianateonsidered directly. The above
equations model the turbulence in the continuoms field, which, in turn, affect the

droplet.

3.3.1.5 Energy Conservation Equations

Situations such as rapid vaporization, heat geiloeraiand convective heat transfer in
porous media can often lead to local thermal namnkégum (Dual et al. 2004). The
present problem considers an air stream flowirgyditferent temperature than that of
porous medium (where significant heat generati@agdglace due to combustion heat
feedback). In order to accurately model the evapmm process, one needs to
account for local thermal non-equilibrium. This ashieved by solving separate
energy equations for the gas phase and the sohdephnd coupling them with a
volumetric heat transfer coefficient (Viskanta 198mwell et al. 1996; Barra et al.
2003; Periasamy et al. 2004). The gas phase dit gwase energy conservation

eqguations are given as follows:

71



Gas-phase Energy Conservation:

oT GT oT. — oT .
pC,| U—=+V—=| =k 9 —2-uT +100 %% 1
oX or ox| ox S| ror or g

+h,(T,-T,) /¢

(3.9a)

In the above equationgkis the effective thermal conductivity as follows:

Cput
Pr,

Kew =K + (3.9b)

where |y and Pr are the turbulent viscosity and turbulent Prandtimber,
respectively. The turbulent Prandtl number isa€d.85, and the turbulent viscosity

is calculated as shown below:

k2
M, =pC, e (3.9¢)

Note that in the above equatiop i€ set at 0.09, k is the turbulent kinetic eneagyl

€ is the turbulent kinetic energy dissipation rate.

Solid-phase Energy Conservation:

0 (0T 10
k{a_x( axj rar( or H [Q'” h. (T, T)] (3.10)
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where @, is the volumetric heat input rate (Winto the porous media to simulate
combustion heat feedback rate from the flame zand, iy is the volumetric heat
transfer coefficient (W/fhK) between the porous medium and the coflow &lnte
that in the above equations, the terp(Th-Tg) appears as sink in solid phase equation
and source in gas phase equation and lused to couple the two equations. The
interfacial volumetric convective heat transfer fliceent is calculated using the
Nusselt number correlationproposed for packed bedss follows (Wakao and

Kaguei, 1982, p. 293):

Nu=2+11Re)°Pr® (3.11a)

where Rg is the Reynolds number based on the mean poreetkarof the porous
medium (490um). Once the Nusselt number is known, it is cotegerinto a

volumetric Nusselt number, as follows:

d_Nu (3.11b)

Nuv =Asf p

where Ay is the specific surface aredld,). The volumetric heat transfer coefficient

is then calculated as shown below (Henneke an@¥I2995):

h, = ——Lef (3.12)
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Evaporation enhancement in porous media was alistiest using a local thermal

equilibrium model with a point-wise injection schertfSee Appendix E).

Radiative Transfer Equation:

The radiative transfer equation for an absorbimgitterg, and scattering medium at

position T in the directions is

- . 4 4 : '
ds Tt 4T[o

Equation 3.13 is solved using the P-1 radiation eh@8iegel and Howell, 2002). In
this model, the radiative transfer equation is ¢farmed into a set of partial
differential equations by using the method of spa¢rharmonics (Modest, 2003).

The transport equation for incident radiation, £given below:
00r0G)-aG+ 4e0T% = sC (3.14)

where the parameteéris

1

" " Bla+os)-Cos)

(3.15)

Equation 3.14 is of type conserved scalar equadioth can be solved by defining
additional scalar in FLUENT™ to represent the incident radiation, G. Once the

incident radiation is computed, the radiative Hket is calculated as follows:
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q, =-TO0G (3.16)

The term Elq; is then included in the energy equation to accéamthe radiation.

3.3.2 Governing Equationsfor Liquid Phase

Governing equations for motion, heat transfer, arass transfer of liquid phase are
written in Lagrangian frame of reference. Droptedjectory is predicted by

integrating the force balance on the droplet. abjs allowed to begin vaporization
upon reaching a preset vaporization temperatureufaerical property to trigger the

vaporization process) and to completely vaporizb@boiling point.

3.3.2.1 Droplet Motion

The force balance on a moving droplet particledggKuo, 1986, p. 578):

du, 9. (P, —P)
=K U- 3.17
g “FolU-u) e (3.17)

Here, U is the fluid phase velocityy i$ the droplet velocityp is the fluid densitypqy

is the density of the droplet, and the terpfU~uy) represents the drag force per unit
mass of the droplet. Since the droplets are moairiggh velocities, the gravitational
effects i.e., the second term in the right-han@ siiEquation 3.17 can be neglected.

The drag force is calculated as follows:
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_ 3Gy Rey

l:D
4d2p

(3.18a)

where ¢ is the droplet diameter, Res the relative Reynolds number, and i€ the

drag coefficient, as given below:

d,ju,—-U
Redzw (3.18D)
u
a a
C,=a +2 + 8 3.18c
> =4 Rey Re ( )

In Equation 3.18c, a &, and g are constants that apply for smooth particles over

several ranges of Reynolds numbers (Morsi and Aléeg 1972).

3.3.2.2 Droplet Heating
When the droplet temperature is lower than the raption temperature, heat
transferred to the droplet is merely used to irnseeshe droplet temperature,

according to the following equation. No mass amsferred from the droplet.

dTy

pd Tqp hA4(T, —Ty) (3.19a)

m,C

The heat transfer coefficient (h) in Eq. 3.19 islaated from the Nusselt number

correlations of Ranz and Marshall (1952a; 1952b).
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Nu = % =2+ 06Rel° Pro® (3.19b)

00

3.3.2.3 Droplet Vaporization

If the droplet reaches the vaporization temperatorass transfer occurs and the
droplet size starts to decrease. This processnumst to occur until it reaches its
boiling point or the volatile fraction is complegdiberated. The energy balance for a
vaporizing droplet is given below:

dTy

dm
mdcp,dTZhAd(Tco —Tg)+— 1

S h (3.20)

The molar flux of droplet vapor into the continuopbase (N is evaluated as
follows:

N; =k¢(Cis ~Ci.) (3.21a)

The concentration of vapor at the droplet surfagg) (s calculated by assuming the
partial pressure of vapor at the interface betwelaplet and continuous phase is
equal to the saturated vapor pressugg)(pC.. is the vapor concentration in the bulk

gas. The terms;cand G. are evaluated as shown below:

= psat(Td) (321b)
'8 RT,

C. =X Pop (3.21c)
’ RT,
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where R is the universal gas constantjxthe local bulk mole fraction of species i,

and pp is the operating pressure.

The mass transfer coefficient, ks evaluated from the Nusselt number correlatibn

Ranz and Marshall (1952a; 1952b), which is givelowe

k
Nu = 20+ 06Re}/? sc*'? _Kedy (3.22)

i,m

In this study, a constant value of 2.880° m?%/s was used as the diffusion coefficient

in Equation 3.22. The reduction in mass is themmated according to the following

equation:

This mass is then added to the appropriate speoieservation equation (Eq. 3.2)

and also the overall mass conservation (contineigation (Eq. 3.1a).

3.3.2.4 Droplet Boiling
Once the boiling point of the droplets is reachbd, droplets are allowed to undergo

boiling, according to the following convective bod rate equation (Kuo, 1986):

Cpoo (T, =T,
ddg) _ 4. [1+ OZ&/Red] In 1+M (3.24)
dt PaCpedg hyg
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The boiling condition requires that the continugiise temperature be greater than

the droplet temperature. The droplet temperatiseer@mains fixed during boiling.

3.3.2.5 Spray Model
An air-blast atomizer model available in FLUENTis used to inject fuel into the
computational domain. The air-blast atomizer madebased on the Linearized

Instability Sheet Atomization model of Schmidt t(&4999).

In this model, the fuel is injected through anioafof known geometry. A swirling
air stream is also supplied along with the liquithe physical processes that convert
the liquid into fully developed droplets occur hrde stages:

(i) Film formation

(i) Sheet breakup

(iif) Atomization

A centrifugal motion is imparted to the liquid fuakide the injector. This creates an
air core surrounded by a liquid film. The thickeed the film is supplied as input.
Additional air supplied past the liquid sheet causeto disintegrate and form
ligaments. The breakup of liquid sheet and foramaf ligaments are due to the
growth of short waves. Further breakup of ligammergsults in droplets. The
maximum relative velocity between the sheet anctair also be specified to enable
finer control of droplet size. Additional input tbis model are the spray half-angle,

sheet constant and ligament constants.
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The most probable diameter)ds related to ligament diameter)(ds follows:

d, = d,[1+30n)]"* (3.25)

In Eqg. 3.25, the Ohnesorge number (Oh) is defied\We/ Re , whereWe and Re

are the liquid Weber and Reynolds numbers, respagti

Spray model was also been used in conjunction witlocal thermal equilibrium
model to study evaporation enhancement (See Apperdi  Evaporation
enhancement using lacal thermal non-equilibrium modekith an unsteady fuel

sprayis presented in Appendix G.

3.4 Boundary and Initial Conditions

Following are different boundaries that are consden the study:
(i) Coflow air inlet
(i) Side walls
(iif) Symmetric axis
(iv) Flow outlet
(v) Atomizing air inlet

(vi) Conditions for porous medium
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Boundary conditions for flow, heat transfer, ande@ps transport at all the
boundaries are given in Table 3.1. Droplet paticre injected through the air blast
atomizer located at (0,0). The initial conditidios droplets are listed in Table 3.2.
Important physical properties of the porous mediara presented in Table 3.3.

These properties were obtained from the manufagtuteame?.

3.5 Grid Generation

The physical geometry considered for the computatistudy is of 2D axisymmetric
type. A domain size of 2.5 cm x 20.3 cm in thend & direction respectively, is
considered. Figure 3.1 presents such a physicahgey. Cartesian type, uniform
grid of quadrilateral mesh elements with 10 popes centimeter is generated using a
commercial grid generation code GAMBIT. Shown ig.F3.2 is a typical

computational grid employed in this study.

3.6 Solution Procedure

The governing equations are discretized using iefwolume based approach and
converted into a set of algebraic equations, whighthen solved by matrix methods.
Unknown pressure field in the momentum equationdeermined by solving the
continuity equation iteratively, using a pressuoerection algorithm. The entire

process follows the standard SIMPLE algorithm (Rkaa and Spalding, 1972).
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Convective terms in the governing equations arerelized by Power law scheme.
Interactions of porous media with gas-phase argraromed in C++ through a set of
user-defined functions. Solutions are obtainedgisi commercial code FLUEN'.

Various computational parameters employed in thdysare presented in Table 3.4.

The solution procedure adopted in the study iseuresl in Fig. 3.3 in the form of a
flowchart. The gas-phase with swirling air strefom atomization was first solved
under steady state conditions. Porous mediumdweate was also activated during
this stage. This was done for the following reas®he flow had swirling air stream
and porous media source terms. Before startingrbyglet injection, it was necessary
to establish a stable flow field in order to mirm@ithe convergence difficulties.
Once a converged steady-state flow field was obthithe injection was turned on;
computations were carried out and coupled withiooous phase calculations. For
every injection, the continuous flow calculationsrev performed a number of times.
For assessing the convergence of the solutionaedcesidual (B, for a general
variable,@ is defined by summing the imbalance in the diszaéibn equation over

all the computational cells P, as shown below:

ZcellsP

Z nbanb(pnb + b - ap(pp ‘

Zcellsp ap (pp ‘

RY = (3.26)

where g is the center coefficientygare the influence coefficients for the neighboring

cells, and b is the contribution of the constant pathe source termSn S = S +
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Sy and of the boundary conditions. In this studg domputations are performed
until the residuals attained values of 1 x*16r lower. This process was then

repeated until the end of injection period.

3.7 Model Comparison

Two benchmark cases were simulated and the results w@mnpared with that
available in literature to assess the predictiohghe present model. First, the
evaporation of single droplet of n-heptane fuelginescent environment (without
porous media) was considered. Variation of drogiatmeter as a function of time
i.e., the droplet life time was captured and congbamrdéth the experimental and
numerical data obtained by Runge et al. (1998). oA-dimensional timetf was

calculated as follows:

Non-dimensional time, = t_\12 (3.27)
RO

where, t is the droplet life time,is the gas kinematic viscosity, and iR the initial
radius of the droplet. Figure 3.4 presents theageaf the square of the non-
dimensional diameter (D4Y of the droplet with the non-dimensional time. Hébe,
is the diameter of the droplet at any given timand D) is the initial diameter of the
droplet. Results show a reasonably good agreenwmtebn the present model’s

predictions and literature. Such a variation & #gyuare of droplet diameter with
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respect to time is commonly referred to as tAie.&w. The study, thus, demonstrates

that the predictions of droplet parameters aralpédi and consistent.

Next, the predictions of porous medium model were gamed with the results
obtained by Vafai and Kim (1989). They derived araaxsolution for forced
convection in a channel filled with porous mediumda applied wall heat flux. For
a given Darcy number of 0.01 and porosity of 87%, pkermeability was calculated
and supplied as input to the present model. A fieatof 1 W/nf was applied and
the transverse temperature profiles were obtainelffatent axial locations. Porous

medium temperature in each profile was n normaliasghown below:

- Tw- <T>
Normalized temperature =———+

3.28
Gy (3:28)

where T, is the wall temperature,,ds the heat flux applied at the wall, and h is the
convective heat transfer coefficient. When theoper medium temperature was
normalized according to Equation 3.28, the trarsvdéemperature profiles collapse
into a single curve. The results are shown in Bi§.for an h/k value of 10.27. The
figure demonstrates that the predictions of ouopsmedium model are in excellent

agreement with the analytical results of Vafai and KI'989).
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3.8 Grid Sensitivity Analysis

Different grids of sizes 80x10, 160x20, 200x25, 22Mx320x40, and 400x50 were
used to investigate the effects of grid size on efiedpredictions. Vapor

concentration profiles for each grid at x = 12.7 ware obtained for comparison
purposes. The results from this study are shownign3.6. The vapor concentration
profiles predicted by the grids other than 80x16vetd no dependency on the grid
size. Hence, any grid size above 80x10 could bel wgi¢hout sacrificing the

accuracy much. Considering the computational tiaseuracy and memory size of

the computer used, a grid size of 200x25 was seldéatdurther analysis.

Effect of coflow air turbulence on the heat and sntransfer calculations of droplet

evaporation is described in Appendix G.

3.9 Chapter Summary

This chapter presented the computational modeldagmegh in this study. Governing
equations for gaseous, liquid and solid phases g®en. Boundary conditions for
the continuous flow field and initial conditions fdiscrete phase were tabulated.
Grid generation and solution procedure were alsolagmgd. Furthermore, a
comparison of model predictions with literature gndl sensitivity analysis was also

presented.
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Table 3.1 Boundary conditions at flow inlet, sidalls, and flow exit

Parameter Value Units
Axial and Radial Momentum Equation:

Boundary type Mass flow inlet

Coflow air mass flowrate 3.8 mg/s
No slip at the wall - -
Normal gradient for flow variables at | O -

flow exit

Swirl Momentum Equation:

Boundary type Velocity inlet

Swirl velocity magnitude 50 m/s
Axial component of flow direction 0 -
Radial component of flow direction 0.7 -
Tangential component of flow direction 0.7 -
Species Conservation Equation:

Inlet O, mass fraction 0.232 -
Turbulence Transport Equation:

Turbulence intensity at flow inlet 5 %
Turbulent viscosity ratio at flow inlet 5 %
Gas-phase Energy Equation:

Coflow air inlet temperature 300, 350, 400, 450 K
Heat flux applied at side wall 0 Wfm
Solid-phase Energy Equation:

Initial guess temperature in the porous 300 K
region

Gradient of solid temperature 0 KIm
Liquid-phase Equation:

Overall equivalence ratio 0.3,0.42, 0.5, 0.6, 0,7
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Table 3.2 Initial conditions for droplet stream

Input Parameter Value Units
Atomizer type Air-blast -
Number of particle streams 60 -
Starting location (0,0) -
Initial temperature 300 K
Fuel flowrate 0.1 mg/s
Injector inlet diameter 0.001 m
Injector outlet diameter 0.005 m
Spray half angle 20 degrees
Adjusted Parameter Value Units
Relative velocity 80 m/s
Sheet constant 5 -
Ligament constant 0.2 -

"FLUENT™ recommends a range of values for these parametemvever, the
specific values depend on the problem under coradida. In the present study,
extensive simulations were conducted by comparegnumerical results with the
experimental data, and appropriate values werersuatefor relative velocity, sheet
constant, and ligament constant. These values wessl in the subsequent
simulations of the evaporation enhancement in poroedia.

Table 3.3 Important physical properties of porowsiiam used in modeling

Parameter Value Units

Bulk density 320 kg/m

Thermal conductivity 1 W/m-K

Specific heat 1422.6 J/kg-K

Pores per centimeter 18, 25, and 31 -

Mean pore diameter 190, 270, and 450 micron

Overall effective porosity 87 %

Porous region volume 36.3 ém

Heat input range 0.8-1.1 % of average
heat input

"Supplied by Ultramé&t Pacoima, CA
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Table 3.4 Computational parameters used in the hmgde

Technique Method Adopted

Solution method Control volume based finite
difference method

Discretization of convective terms Power Law

Pressure-Velocity coupling SIMPLE

Discretization of pressure term PRESTO

Solution Parameter Value Set by the Author

Under-Relaxation parameter 0.2-1.0

Convergence criterion 1x10

Number of data points used in radial50

profiles for increased accuracy
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Chapter 4
Evaporation Enhancement in Porous Media

4.1 Introduction

A porous medium placed in the combustion zone &shas a heat feedback
upstream due to thermal conduction and radiatibhe heat feedback, in turn, may
be beneficially exploited to enhance vaporizatibma ¢éiquid sprayed upstream of the
porous medium and to improve the mixing of fuel apand air. Enhancement of
fuel vaporization depends on the following:

0] Strength of heat feedback

(i) Droplet characteristics

(i)  Porous medium properties

(iv)  Coflow conditions

(v) Injector location

This chapter presents experimental and numericaultee on evaporation
enhancement of a liquid sprayed on the porous medgiith simulated heat feedback
rate. First, experimental results on the presdoop through porous media and the
uniformity of surface temperature are discussedhe Spray characteristics such as
mean axial velocity, droplet diameter, and liquids® flux are presented. Next, the
minimum heat feedback required for complete vapdion and vapor concentration

profiles at downstream of the porous medium aresgred. This chapter also
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discusses the development and results of a conmmaatmodel to predict spray

evaporation rate in porous media using a two-eneggation model.

4.2 Pressure Drop Measurements

The pressure drop measurements were taken fronpegsure taps located at 30 cm
from upstream surface on each side of the porowsiume Figure 2.14 shows the
experimental setup for these measurements. Difteren pressure was measured
using a standard U-tube water column manometegssire drop was first measured
without porous medium to find out the pressure diapthe channel only.
Measurements were taken at unheated coflow conditid 294 K) and heated

conditions (350, 400, and 450 K) with different pos media.

4.2.1 Unheated Coflow Conditions

Figure 4.1 shows the pressure drop measured a2boaad 31 PPCM porous media
at unheated coflow condition§1 @94 K) for different coflow velocities. The figair
shows that the pressure drop increased as theityeloas increased like in a regular
channel flow. This increase was initially lineasriesponding to the Darcy flow
regime, where the pressure drop was proportiondddwiscous resistance. At higher
velocities the pressure drop varied as the squlitheovelocity corresponding to
Forchheimer flow regime, where the pressure dropedded on the viscous and
inertial resistance of the porous medium. Als® finessure drop increased as the

linear pore density (defined as the number of peescentimeter) was increased.
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The porous medium structure became finer with latgear pore densities, and
hence, offered more resistance to flow. The irs@ea pressure drop with PPCM

also followed a somewhat linear relationship.

4.2.2 Heated Coflow Conditions

The end boiling point of the kerosene used in tesgnt study is ~ 510 K. Hence,
the coflow air was preheated up to 450 K. To ustded the effect of coflow
temperature on the pressure drop across the evaporgporous medium,
measurements were taken at 350, 400, and 450 Kihendesults are presented in
Figs. 4.2 to 4.4, respectively. Figure 4.5 sholnes éffect of coflow air temperature
on the pressure drop across the 18 PPCM porousumddr a coflow air flowrate of
195 I/min. The overall increasing trend of thegstge drop with coflow air velocity
was similar to that at ambient flow conditions. &utthe coflow air temperature was
increased, the pressure drop across the porousumealso increased. Due to the
decrease in air density, the velocity of air inse=sa (since mass flowrate was
constant) when the coflow temperature is increagécigher flowrates, the pressure
drop is proportional to the square of velocity, d@hce, higher pressure drops were

recorded at higher temperatures.

4.2.3 Comparison with Literature
The pressure drop in porous media has been stiniestveral researchers (Darcy,
1856; Forchheimer, 1901; Ergun, 1952; Macdonalalgt1979; Fand et al. 1987,

Civan and Evans, 1996; Liu and Masliyah, 1996)r flew through porous media,
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the pressure dropAp) over a length L is expressed by the followintatrenship

(Howell et al. 1996):
%:Eumczuz (4.1)
a

wherea is the permeability and (Gs the inertial coefficient. The above expression

includes the viscous and inertial resistances ddleid flow through porous medium.

Figure 4.6 compares the pressure drop measurddsirstudy with that obtained by
Ergun (1952) for unheated coflow conditions. Aswh by Figs. 4.1 and 4.2, the
pressure drop increased with an increase in vglodihe trend in general agrees with
Ergun equation. However, our measured data is tatwige that predicted by

Ergun’s equation for 25 PPCM porous media. Thiatisbuted to the difference in

the structure of porous medium. In the presentexents, randomly-structured
consolidated fibrous porous medium was used. @rother hand, Ergun’s equation

was developed from experiments with unconsolidatatbrm packed beds.
Another comparison of our results with Macdonal@le{1979) is given below. The

following equation was proposed by Macdonald e{1#879) for the non-dimensional

pressure drop through porous media:
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3

F. = =180(L-€)/ Ny, + 40 (4.2a)
where

= g;ztip § (4.2b)
and

Ng, = pufeq (4.2¢)

where grad P is pressure gradient across poroumjiggis the equivalent diameter

in packed beds (or average pore diameter in pareata).

For our experimental conditions (air density = k@m®; velocity = 1.65 m/s;
viscosity = 1.85x10° Ns/nf; average pore diameter = 49@n), pressure gradient
across the porous medium is calculated to be 1580Mm%)/m. The measured
pressure data for this case shows a gradient d8LON/nf)/m, which is about 42%
lower than that predicted by the Equation 4.2shibuld be noted that the Equation
4.2 was developed for the unconsolidated packegpbealis media. The authors also
cautioned that any measured data would likely eéonlithin £ 50% of Equation 4.2.
From the above comparisons, our experimental iesekkm to be in good agreement

with literature values.

97



4.2.4 Calculation of Permeability from Pressure Drop Data

Using Equation 4.1, if a graph is plotted betweAp/l()/u and u, the Y- intercept
would give usw/a. From the knowledge of viscosity of the fluid, weuld calculate
the permeability of the medium. Figure 4.7 showshsa relationship between
(Ap/L)/u and u for a porous medium with 18 PPCM. ridsa viscosity of 1.8% 10°
Ns/nf, the permeability of the porous media is calculate be 17 to 53 md for the
coflow temperature range (unheated to 450 K) camsitlin this study. Note that the
permeability is measured in milli Darcy (1 Darcy987 x 10 m?. Thus, the

pressure drop data could be used to estimate theepeility of porous media.

In another approach, Civan and Evans (1996) solved differential form of
Forchheimer equation and determined the permeabditd non-Darcy flow
coefficients. The effect of core length on non-®aflow coefficient was studied.
Furthermore, Civan and Evans (1998) compared tberacy of pressure-squared and
pseudopressure formulations of the Forchheimer tequa For tight and coarse
formation porous media, Civan and Evans (1996) eygal permeability values in
the range of 0.02 to 645 md. In our study, ushmgmeasured pressure drop across
porous media and Ergun equation, the permeabitityes were calculated to be in

the range of 3 to 500 md.
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4.3 Porous Medium Temperature with Simulated Heat Eedback

Heat energy released in the combustion porous nedezirculated upstream and the
evaporation porous medium is heated up. One waystematically study the effect
of this heat feedback is to uncouple the combustimtess and simulate the heat
feedback by an external method. In this study,aebustion heat feedback was
simulated with resistive heating of evaporationgusr medium. The electric input
supplied to the porous medium for resistive heasmgpresented as a fraction of heat
feedback from the combustion zone. The temperaaita@ned by the porous
medium, thus, depends on the strength of the lmats and the effectiveness of
convective heat transfer between porous mediuncafiow air. The porous medium
surface temperature was measured by thermocouplesdeled in the porous media
and an infrared imaging camera. Porous medium eesyre distribution was also

predicted by using a local thermal non-equilibriomadel.

4.3.1 Thermocouple Measurements

Figure 4.8 shows the measured surface temperatofdep in 25 and 31 PPCM
porous media. The measurements were made usingypekKthermocouple under
quiescent ambient conditions for different heatdbeeck rates. The measurements
were taken on the centerline of the porous mediurfase. The surface temperature
was nearly uniform (within 50 K) in all the profde When the heat feedback rates
were made stronger, higher peak temperatures vidagned, which is in accordance
with the energy conservation in porous media. fidnee further shows that the peak

temperatures in the 25 and 31 PPCM porous media aleout the same, indicating
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their similar electrical resistance. Uncertaintiestimated in the temperature

measurements were less than +1% of the mean va¥¥aconfidence level.

The lower temperatures recorded near the edges ve&iged by an increased heat
loss from the copper plates to the chamber walld, aso due to the difference in
contact resistance between the conductive gluetlamdoorous media. Inside the
porous medium, however, the electric power suppledred as heat source and
caused an increase in temperature. This demosstthat the porous medium we

have employed has uniform thermo-electric propgrtie

4.3.2 Infrared Imaging

Note that a thermocouple embedded in a porous mredieasures an average of gas
and solid temperatures as it is in contact wittlsulid and fluid media. Hence, it
does not indicate the true porous medium temperaturThe distribution of
temperature in the porous medium could be measusady an infrared technique.
This study employed an infrared camera for suchsomegnents. The measurements
show the temperature distribution accurately, hatethe values are only qualitative
since the emissivity of the porous medium was nobown accurately. The
measurements were taken at different heat feedtaaelconditions with and without

the presence of preheated coflow air to deternfiaeeffects of those parameters.

Figures 4.9 and 4.10 show the surface temperatmurs for 25 and 31 PPCM,

respectively. The figures show the difference leetwwvthe maximum and minimum

100



temperature in each case in order to examine thieromty of temperature. It can be
seen from the IR images that the temperature loigtan in porous media was
uniform within £ 5 K at 1 % heat feedback. The temperature didgidh in 25
PPCM porous medium showed a double peak struatinide it was absent in the 31
PPCM porous medium. The surface temperature lligton was affected by the
flow pattern of air inside the porous medium. Doehe difference in pore structure
and fiber orientation between the two porous metii@,flow pattern of air would be
different, and in turn, changed the temperaturéribigion. The difference in the
average temperature of the two porous media wasever, less than 10 K. The
surface temperature measured using thermocoupleeshthat the porous medium
temperature was uniform within 50 K. IR imaginglitated a maximum temperature
difference of 10 K. This suggests that the tempeeaof porous medium (solid
portion temperature measured by thermocouple) ifom within measurement

uncertainties.

Figures 4.9 and 4.10 present results of the ponoedium temperature distribution.
Semi-quantitative results could, however, be oleirby assuming a range of
emissivities and using temperature measuremenésnalot by thermocouple. Results
of such an analysis is presented in Fig. 4.11 ®mPPCM porous medium with a
simulated heat feedback of 1 % and a coflow aetitédmperature and flow rate of
400 K and 195 I/min, respectively. Comparison @fsF4.8 and 4.11 suggests that

the emissivity of the porous medium falls betweefr@9.

101



4.3.3 Predicted Temperature Profilesin Porous Media

4.3.3.1 Axial Temperature Distribution

Figure 4.12 shows the axial distribution of solitlegas phase temperatures in the
computational domain with only gas flow for a hdéaeédback rate of 1%. The
flowrate and temperature of the coflow air weredhmnstant at 190 I/min and 450 K,
respectively. It can be seen from the figure tihat temperature of the gas phase
increased in the porous region due to convectivat @nsfer. The gas phase
temperature followed the porous medium temperatany closely. Figure 4.13
presents the predicted steady state axial variaifothe porous medium centerline
temperature for different heat feedback rates wiily gas flow. The heat feedback
rate was varied from 0.8 to 1.1% of the average impait. The results indicate that
the porous medium temperature increased lineaolygathe centerline and attained a
peak value closer to the exit of the porous mediatmall heat feedback rate
conditions. This increase is due to the cumulagimergy transfer from the coflow.
The peak temperature attained by the porous medism increased with stronger
heat feedback rates. The peak temperature condsypto the lowest and highest

feedback rates considered in this study were 48243@b K, respectively.

The combustion heat energy fed upstream via comdueind radiation causes the
porous medium temperature to increase. As theowofhir flows through the

preheated porous medium, its temperature incrgasesrily due to convective heat
transfer from the porous medium. Thus, the poroadium simultaneously behaves

as source and sink in energy transfer. This psoteasds to a local thermal non-
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equilibrium between the solid and gas phases. effeetiveness of heat transfer to
the coflow depends on the convective heat trarcsfefficient, which in turn, depends
on the properties of fluid and porous medium. Retat the coflow air velocity

considered in this study ranged from 1 to 2 mfsthis range, for the computational
geometry considered, the convective effects in dakeulation of porous medium
temperature could be dominant. Under such sitngtimne could neglect the

conduction term in the energy equation withoutifasrg the solution accuracy.

4.3.3.2 Surface Temperature Distribution

Figure 4.14 shows the transverse temperature lalisivn at the exit surface of the
porous medium for different heat feedback ratebes€ profiles were normalized by
the half-width of the test section used in the expents (w), for comparison. The

figure shows that the surface temperature was mmifeithin 5% of the mean value

at all conditions. The peak surface temperatuceeased with heat feedback rate

which is in accordance with energy conservatiopdrous media.

4.3.3.3 Effect of Local Thermal Non-equilibrium

A study assuming local thermal equilibrium betwdles porous medium and coflow
air was conducted to assess the equilibrium andegailibrium models. Figure 4.15
compares the porous medium temperature predictededuylibrium and non-
equilibrium models. Also shown in the figure i€ tbxperimental data of the porous
medium surface temperature. The results show ttieataxial temperature profile

predicted by the non-equilibrium model agrees wettperimental data (infrared
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imaging) better than that by equilibrium model. iSTimdicates the existence of non-

equilibrium heat transfer in the porous medium.

The difference would become significant when thulgtis coupled with combustion.
In order to accurately predict the temperatureriistion under rapid vaporization
conditions (as in the present case), one shouldlac® thermal non-equilibrium
models (Dual et al., 2004). For local thermal mopilibrium models, however, the
proper selection of the interfacial heat transtegfficient is essential as it affects the
effectiveness of the heat transfer (Alazmi and Wa2®00). In this study, the
interfacial heat transfer coefficient was calcuflatesing a correlation proposed by

Henneke and Ellzey (1995), as explained in Se@i8rl.5.

4.3.3.4 Comparison with Experimental Data

Using the two-energy equation model (see ChapteBe8tion 3.3.1), computer
simulations were performed to predict the surfammperature of porous medium.
The computational parameters used for this sinariadre given in Table 4.1. Figure
4.16 shows a comparison of model predictions amEemxental measurements of
porous medium surface temperature for heat feediatk of 1%. The model
predictions agree well with the infrared imagingada Note that a thermocouple
embedded in a porous medium measures an averages @nd solid temperatures as
it is in contact with both the pure solid and flui®n the other hand, infrared imaging
measures the temperature of the solid portion tyred hermal effects are crucial to

the completeness of vaporization of liquid fueBurface temperature is an indirect
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measure of vapor quality downstream of the porowsliom. Uniform surface
temperature distribution, thus, would lead to hoermpus fuel-air mixture

downstream of evaporation porous medium.

4.4  Spray Characteristics

This section presents characteristics of the keeyse-heptane, and methanol fuel
sprays. Characteristics such as droplet Sauten mieaneter (SMD), axial velocity,
and liquid mass flux were measured simultaneousinguphase Doppler particle
analyzer. The experiments were conducted in uedeand heated coflow air
conditions. The atomizing air flowrate was fixetd8al/min in all the experiments.
This information provides the fuel spray conditiongstream of the evaporation

porous medium which are needed to determine tleetsfbf porous medium itself.

4.4.1 Characteristics of Kerosene Spray

4.4.1.1 Measured Sauter Mean Diameter Profiles

The fuel flowrate was varied between 6—14 ml/mipositive pressure of 0.34 atm
was applied to the fuel tank. In all experimerise secondary air flowrate and

temperature were varied from 130-195 I/min and 428K, respectively.

There are several approaches to represent draplaeter in a spray. In combustion
calculations, generally Sauter mean diameter igl.us@his represents the ratio

between total volume and surface area of droplétigures 4.17 to 4.19 show the
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measured transverse profiles of Sauter mean diamaét8.5 cm upstream of the
leading edge of the evaporation porous medium.uregy4.20 to 4.22 and Figures
4.23 to 4.25 show the transverse profiles of Samean diameter at 2.0 and 1.5 cm
upstream of the porous medium, respectively. Inegd, the droplet diameters
varied from 15 to 3fum. Lower droplet diameters were recorded in th@aysgore
and the droplet diameter increased radially outwakdirther, the droplet diameter
increased with an increase in equivalence ratio. mbst cases, the temperature
increase from 423 K to 450 K did not change the SM&ribution significantly.
However, increasing the coflow temperature to 49@akised significant evaporation
(end boiling point ~ 510 K), and hence, reducedSMD distribution. Uncertainties
in the SMD measurements were estimated using Stededistribution at 95%
confidence level. The estimated uncertainty in Stidse to the spray edge was less
than +2.6% of the mean value. Uncertainties esathat other locations inside the
spray were lower than that measured at the sprggsedue to the presence of large

number of droplets.

Yule et al. (1982, 1983) noted similar observationth kerosene spray using laser
tomographic light scattering technique. Air-blagbmizers are provided with a
swirling flow to promote atomization and impart @amward radial momentum to the
spray. The swirl, subsequently, converts the tatiglevelocity into radial velocity

and makes the spray spread more radially. Thd swinber (S) of the atomizer is

calculated as:
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S= G/2
1-G/2

(4.3)

where G is the ratio between tangential and axeioity of fluid in the atomizer. In
this case, the radial velocity was assumed to 1% 26 axial velocity. The swirl
number was calculated as 0.14. An alternativeagilon for spray widening given
by Presser et al. (1993) is as follows: A toroidadirculation zone is created within
the spray, due to the swirling motion of the prignair. This, in turn, convects the
small droplets towards the core and also widenspinay radially. The experimental

observations from the present study support thegeveents well.

At lower coflow temperatures, a specific patterrsvmdt followed with equivalence
ratio or coflow velocity. Kerosene is a multiconment fuel and it has a range of
boiling points. The maximum residence time of faptay (&9 in coflow air before

impinging on the porous medium could be calculaigd

t _ Maximumdistarce betweenthe porousmediumandinjector
res Minimum dropletaxial velocity

(4.4)

In this case,ds was estimated as 6 ms. Due to this residence $pna@y spent in

coflow, some evaporation of lighter fractions cobl/e occurred, and hence, altered

the droplet diameter. Such evaporation does nadllysfollow a systematic trend,
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since the local conditions and fuel compositionyvaft higher coflow temperatures,
droplet diameter showed a distinct variation witjuigalence ratio; it increased with
an increase in equivalence ratio. At these tentpes, lighter fractions would have
already evaporated. With an increase in fuel exjance ratio, fuel flowrate was

increased, which in turn, increased the droplenéizr.

Note that the overall equivalence ratio (actuall-aie ratio/stoichiometric fuel-air
ratio) was based on the sum of atomizing and coftowflowrates. During the
experiments, the atomizing air flowrate was heldstant, while the fuel flowrate was

increased, and hence, drop size distribution vaméa the fuel flow rate.

4.4.1.2 Comparison with Numerical Model

The spray characteristics upstream of the evaporabrous media were predicted by
using an air-blast atomizer model (see Sectior2®B. The spray model uses several
empirical parameters. These parameters were diegtrmined by conducting a
number of simulations and comparing the result wiperimental data. Table 3.2
presents the values of empirical constants useldeirmodel. Figure 4.26 presents a
comparison of droplet diameter predicted by the ewical model and the measured
experimental data. The figure shows that the maquetlictions agree well with
experimental data. As observed from the experiatieneasurements, smaller droplet

diameter was noted in the spray core and its diemmatreased radially outward.
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4.4.1.3 Measured Droplet Velocity Profiles

Droplet velocity measurements were taken simultaskovith Sauter mean diameter
at similar conditions. The secondary air flowratel temperature were varied from
130-195 I/min and 423-490 K, respectively. Figu4ea7 to 4.29 show the measured
transverse profiles of droplet axial velocity & 2m upstream of the leading edge of
the evaporation porous medium. Figures 4.30 t@ 4r8l Figures 4.33 to 4.35 show
the transverse profiles of droplet axial velocity220 and 1.5 cm upstream of the

porous medium, respectively.

The results show that higher droplet velocitieseneicorded at the spray core and the
droplet velocities decreased radially. The pealklaselocity in each profile varied
from 7 to 23 m/s. Since the droplets present is tagion were smaller, they moved
at higher velocities. Due to the swirl impartedftel spray, large particles were
thrown away from the spray core, which moved atdowelocities. Also, a large
number of particles were thrown away from the sprase. The transverse profiles
measured at different location also exhibited simitends. The peak axial velocity

of the droplets decreased axially.

4.4.1.4 Measured Mass Flux
Measurement of liquid fuel mass flux distributiopstream of porous medium is
important to understand the vapor concentrationrdtsgam of the porous medium.

In the measurements, the secondary air flowratetamgherature were varied from
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130-195 I/min and 423-490 K, respectively. Theuithmass flux (M at each

measurement point was calculated as follows:

MF =PV (4.5)

probet

where,
PI Density of droplet particles
Vit  Total volume of droplets
Aprobe Probe area of PDPA at measurement location

t Total measurement time

Figures 4.36 to 4.38 show the measured transveosiéepof droplet mass flux at 2.5
cm upstream of the leading edge of the evaporgtosous medium. Figures 4.39 to
4.41 and Figures 4.42 to 4.44 show the transvexdfdgs of droplet mass flux at 2.0

and 1.5 cm upstream of the porous medium, resgtiv

The reduced data reveal that the mass flux profidibsw the trend of SMD profiles
at the corresponding equivalence ratios. The rflasss higher away from the core
due to the presence of higher number of dropletis larger diameter. Mass flux at a

given transverse location also increased with emean equivalence ratio.
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When there is no porous medium employed, the vapocentration profiles should
follow the liquid mass flux profiles, if uniform yparization takes place.The
presence of the porous medium, however, modifesffiects of mass flux profiles,
and the heat feedback to the porous medium enhawagsoration. As a result, a
uniform vapor concentration distribution could betained at the exit, depending on
the structure of the porous mediumThe relationships between the mass flux

distribution and the vapor concentration are exydiin Section 4.6.

4.4.2 Characteristics of n-Heptane Spray

The role of porous medium in the evaporation enbarent of different fuels was
also studied with n-heptane and methanol. In #redene experiments, a wide range
of flowrate and coflow temperatures were used. tRern-heptane spray study, the
fuel flowrate was held constant at 6 ml/min and ¢bélow air flowrate was varied
from 77 to 178 I/min. Here the fuel flowrate wasldhconstant and the coflow air
flowrate was varied to achieve different equivakematios. This was done to keep
the firing rate of the burner constant. Partidylathe fuel flowrate of 6 ml/min
corresponds to a firing rate of 3 kW typically eantered in industrial burners.
Measurements were taken at 2.5, 2.0 and 1.5 crneapstof the leading edge of the

evaporation porous medium.

Figures 4.45 and 4.46 present the measured Saater diameter of n-Heptane spray

under unheated and heated coflow conditions, réispéc at three axial locations.
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Figures 4.47 and 4.48 present the measured draxikdtvelocity of n-Heptane spray

under unheated and heated coflow conditions, réispécat three axial locations.

Overall, the droplet Sauter mean diameter variedhf60 to 80um in most cases.
The n-heptane droplet diameter distribution showreat the small particles were
present in spray core and larger particles wemathraway from the core. However,
this variation was not as pronounced in the n-hreptpray as in the kerosene spray.
This is due to the lower boiling point and moleculgight of n-heptane. Also note
that n-heptane is a single component liquid witngque boiling point. The peak
droplet diameter occurred at or close to the middilihe spray. The droplet diameter
variation with equivalence ratio showed more flattons in cold conditions than that
in heated conditions. The peak droplet velocityiedh from 10 to 40 m/s. The
droplet axial velocity generally decreased along titansverse direction. In some
cases, due to non-uniform vaporization, dropletth wiigher velocities were also
recorded. With an increase in equivalence ratie, droplet velocity showed a

decreasing trend.

4.4.3 Characteristics of Methanol Spray

In the methanol spray experiments, the fuel floesnais held constant at 12 ml/min
and the coflow air flowrate was varied from 77 81/min. Measurements were
taken at 2.5, 2.0 and 1.5 cm upstream of the |lgaglitye of the evaporation porous
medium. Figures 4.49 and 4.50 present the measiaater mean diameter of the

methanol spray under unheated and heated coflowitcams, respectively at three
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axial locations. Figures 4.51 and 4.52 presentrikasured droplet axial velocity of
n-Heptane spray under unheated and heated cofloditams, respectively at three

axial locations.

Table 4.2 shows a comparison of the kerosene, tahep and methanol spray
characteristics. Overall, the peak droplet diameéeied from 60 to 8fum in most
cases. The peak droplet diameter occurred absedb the spray core. Farther away
from the porous medium (i.e., closer to injecttng droplet diameter profiles showed
a decreasing trend along the transverse directidimis variation became more
uniform as the distance to the porous medium frbeinjector (¢) was reduced.
Similar observations were noted in heated conditiatso. The droplet velocity
profiles show that the particles at the core hadelovelocity and the velocity
increased in the transverse direction. Heatedwo#ir reduced this variation with
equivalence ratio. The increasing trend along tia@sverse direction was also

observed in heated conditions.

4.5 Minimum Heat Feedback Rate for Complete Vaporiation

45.1 Definition of Minimum Heat Feedback Rate

A horizontal laser sheet was passed through theséesion at 5 cm downstream of
the porous medium. The scattering of light wagbleswhenever there were droplets
leaving the porous media. The liquid fuel spraywansidered to be fully vaporized

if the scattered incident laser light was not J&ibFor a given injector location, a
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large amount of heat feedback rate (through residteating) was supplied initially,
and the complete vaporization was ensured by matkieglaser beam invisible.
Then, the heat feedback rate was slowly reducedtieips. Sufficient time was given
between each step for the porous medium to attéheranal steady state. At every
step, the appearance of scattered light was checkéd procedure was continued
until the scattered light became visible and drgpleere seen. The heat feedback
rate (electric power supplied to the resistive @gatequired just to avoid the escape
of droplets from the porous medium, was termedn@mum heat feedback rate
required for complete vaporization at that injedtmration. Then, the injector was
moved to the next location and the entire expertalesequence was repeated. In the
present experimental setup, the distance betweepdious medium and injector had

to be at least 3 cm to avoid the spray impinginghenwall.

4.5.2 Vaporization with Porous Media

Figure 4.53 shows the variation of minimum heatlbeek rate required for complete
vaporization as a percentage of heat input for REM and 31 PPCM porous media
with the distance between the injector and the yroedia. During the experiments,
the coflow air flowrate was held constant at 19%it, and the temperature was
maintained at 400 K. At equivalence ratigs ¢f 0.3 and 0.4, no heat feedback was
required to achieve complete vaporization for botpe of porous media. The
preheated coflow air itself was sufficient to vaperthe fuel completely at all
injector locations (3-15 cm upstream of the porowsdium) studied. At higher

equivalence ratios, however, some amount of heatlbfeck was needed to
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completely vaporize the fuel. This heat feedbaatk increased as the injector was
moved closer to the porous medium. When the iojeatas moved closer to the
porous medium, the residence time of fuel sprahahair was lower and the fuel
spray was not able to vaporize completely, and demeded a larger heat feedback

rate for complete vaporization.

For the 25 PPCM porous medium, the required minimoeat feedback rate
increased almost linearly with decreasing distame®veen the injector and porous
medium (Fig. 4.53a). The heat feedback requiresnatyp = 0.5 and 0.6 remained
close to each other. About 1 % of the average inpat rate between an equivalence
ratio of 0.3 and 0.6 (1.5 times of the heat of vgation) was needed as heat
feedback rate to achieve liquid heating and corepdetporation in this case. With
31 PPCM porous medium, no heat feedback was retjueen the injector was
placed at 7 cm or farther from the base of the gonmedium. At other injector
locations, the heat feedback rate required wasrldan that of 25 PPCM porous
medium. Under the present conditions, with 1 %t Headback rate, complete
vaporization could be achieved with an upstreamctgyr location of 3 cm. Estimated
uncertainty in the minimum heat feedback rate weas than £10% of the mean value
at 95% confidence level. Note that a visual inipacf the laser sheet was followed
to determine the scattered light. The uncertaintfthe measurements could be
caused by the errors associated with the visupkrton, and due to the uncertainties

in resistive heating. When no porous medium wapleyed, this would translate to
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the use of a coflow air temperature of at least &@¥ an upstream distance between

injector and porous medium of more than 15 cm.

Porous media with high PPCM are suitable for evafpom applications since they
could also act as flame arrestors. The porousaneith 25 PPCM and 31 PPCM are
suitable for such applications, and hence, werel@yeg in this study. The factors
such as spurious scattering from the test sectind, non-uniformity in the porous
medium heating could lead to errors in the heatldaek measurements. It was
ensured that the test section was free of droglatking to the wall, downstream of
the porous medium. Furthermore, the scattering elmerved at a fixed location
throughout the experiments. Errors due to nomeamity in the porous medium

heating were minimized by waiting for a fixed ambwoh time between every step.

This time interval was enough for the porous mediarattain steady state.

Experiments were conducted to determine the mininmeat feedback required for
complete vaporization for n-heptane and methan@ysp It was found that at both
unheated and heated coflow air conditions &), there was no need for any
additional heat input. There are two importanttdex to achieve complete
vaporization: (i) coflow air temperature and (igsrdence time in porous medium.
Since the boiling point of these fuels is low, givaifficient residence time in porous
media, complete vaporization could be achieved ewdow coflow air temperatures.
The presence of porous medium increases the regdéne, and hence, enhances

evaporation.
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4.5.3 Vaporization without Porous Media

The spray vaporization characteristics in the atseri porous media were measured
for comparison purposes. The laser beam was passeslersely at various axial
locations of the spray emanating from the injectdr different coflow air
temperatures. The light scattering from the drispleas observed. The results are
presented in Table 4.3. Results showed that aflavw air temperature of 500 K or
above, fuel droplets were completely vaporized with cm from the injector exit.
When the coflow temperature was reduced to 477 Kiramum distance of 9 cm
between injector and porous medium was neededofmplete vaporization. With a
further reduction in coflow temperature to 450 Kddelow, a distance of more than
15 cm was needed for complete vaporization. Howewsults obtained with both
the porous media showed that at a coflow temperatid00 K with combustion heat
feedback, the minimum distance required for conepleaporization was 3 cm.
Employing porous media, thus, enhances evaporat@rsiderably. The porous
medium also permits the operation at a lower cofemtemperature with a shorter

section to locate the injector upstream of the psmmedium.

4.6 Vapor Concentration Profiles

This section presents the measured and predict@dr veoncentration profiles
downstream of the evaporation porous media withwaititbut simulated combustion

heat feedback. A comparison of the vapor conceaotrgprofiles downstream of the
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porous medium and liquid mass flux upstream of psrmedium is also made to

demonstrate the role of porous medium in evaparaihancement.

4.6.1 Measured Kerosene Vapor Concentration Profiles with no Heat Feedback
Rate

Figure 4.54 shows the measured transverse keros@oe concentration profiles at 5
cm downstream of 25 and 31 PPCM porous media féerdint overall equivalence
ratios with no combustion heat feedback. The teatpee of the coflow air was held
constant at 450 K. The vapor concentration rarfged 1500 to 3500 PPM. For 25
PPCM porous media, the vapor concentration deadeassially towards the edges
whereas for the 31 PPCM porous media, it fluctuatafith an increase in the
equivalence ratio from 0.3 to 0.7, while averaggoraconcentration showed a
maximum variation of 20% from the mean value, tamsverse profiles followed no
systematic trend. Overall, the average vapor auragon in transverse locations of
up to 50% on either side from the centerline oftést section was uniform within £
20% (maximum). The edge effects, such as conduetia radiation losses to the
walls, are responsible for the sharp changes nkar chamber walls. This

demonstrates that the porous medium is uniformgjriuting the fuel vapor.

Figure 4.55 shows the transverse distributionapfii mass flux upstream and vapor
concentration downstream of 25 PPCM porous mediusyaivalence ratios of 0.3
and 0.6. The vapor concentration distribution ig. B.55 follows the liquid mass

flux distribution upstream of the porous media. orRirthe SMD profiles of the
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kerosene spray (Figs. 4.17 to 4.25), the dropleindier ranged from 15 to 35 um
with a variation of 35% of the mean value. Dué¢ht® presence of porous media, the
vapor concentration distribution was relatively mamiform, although a scattered
mass flux pattern was observed upstream of theugaredium. The porous medium
establishes a more uniform profile, a benefit daifrom its random matrix structure.
In addition, due to the complex flow path imposedtre liquid droplets, the droplets’
residence time increases, which further improves dtaporation rate. While the
operating conditions and upstream spray distrilbutpattern remain same, the
evaporation rate would increase with an increaseéhe thickness of the porous

medium.

During measurements, the vapor samples drawn froen tést section quickly
condensed outside, since the boiling point of kemeswas ~ 510 K. This problem
was minimized by heating the entire sample lin@gisin electrical heating tape. In
addition, the reaction chamber of the vapor conmeéinh analyzer was isolated from
the instrument and electrically heated. Even whik arrangement of heating, some
vapor condensation was observed in the flow lifkis led to an uncertainty of 13%
of the mean value in measurements at 95% confidenEgure 4.54 shows a
maximum variation of 20% in vapor concentration swament and the estimated
uncertainties were 13%. This indicates that theovaoncentration downstream of

the porous medium is fairly uniform.
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Figure 4.56 presents the measured transverse affeepapor concentration profile at
5 cm downstream of the porous medium exit surfamegf = 0.5 and 0.6 with
unheated coflow air. Recall that no combustiont Headback is required for
complete vaporization of n-heptane spray; justpiesence of the porous medium is
sufficient. Results indicate that the vapor comiion profiles showed a maximum
variation of 14% of the mean value @t= 0.6. The average vapor concentration
decreased by 22% when the equivalence ratio wasased from 0.5 to 0.6.

However, the vapor concentration distribution remdi somewhat uniform.

4.6.2 Vapor Concentration Measurements with Simulated Heat Feedback Rate
Figure 4.57 shows the transverse profiles of thgow@oncentration for a 31 PPCM
porous medium and at equivalence ratios of 0.3 @edwith a combustion heat
feedback rate of 1 % of heat input rate. The vapmicentration profiles taken
without the heat feedback are also shown for corsgar The vapor concentration
obtained with heat feedback was higher than thét wo heat feedback conditions.
With heat feedback, the average vapor concentraticneased by 63% and 43% for
0.3 and 0.6 equivalence ratios, respectively. @aporation enhancement decreased
with increase in fuel flowrate. This is becausehef fact that the heat feedback rate
was held constant and was not sufficient to mainthe complete vaporization at
higher fuel flowrates. Similar observations wereted in the computational

simulations also.
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The above results clearly demonstrate that the usormedium enhances the
evaporation. However, the extent of enhancemeperntts on the combustion heat
feedback rate and the porous medium structure. hHa feedback rate, in turn,
depends on the combustion chamber stoichiometry thadeffectiveness of heat
transfer between the downstream flame and the pomoedium (Kaplan and Hall,

1995 and Mital et al., 1997).

4.6.3 Comparison with Model Predictions

The transverse vapor concentration profile at Sdomvnstream of the porous medium
exit surface for 1% heat feedback rate @w0.3 was predicted using the two-energy
equation model. Figure 4.58 compares the numepiealictions and corresponding
experimental data. Note that only half-profiletbé measured vapor concentration
data were compared with numerical model. The &gimdicates that model
predictions agree well with experimental data. Vhpor concentration distribution
showed a dip of less than 5% of the mean valugarcore region and an increasing
trend in the middle of spray. This demonstrated the present numerical model is

effective to predict the evaporation characterssiicporous medium.

4.6.4 Computational Parametric Study
This section presents a parametric study of thecteffof the heat feedback rate,
porous medium structure and fuel flow rate on sgnegporation characteristics using

the numerical model which was validated with vapamcentration measurements.
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4.6.4.1 Effects of Porous Medium Heat Feedback Rate

Several simulations with different strengths of thisedback rates (0.8 to 1.1% of
average heat input) were conducted to understam@ffects of heat feedback from
the combustion porous medium. During the study, flmwrate and overall
equivalence ratio were held constant at 190 I/mith @.3, respectively and the vapor
concentration profiles were taken at 5 cm downstreéporous medium. The results
are presented in Fig. 4.59. It is evident from.Hg59 that the peak vapor
concentration increased when the heat feedbackwasemade stronger. The peak
concentration obtained with a heat source of 1.18 #0% times higher than that of
the case with 0.8% heat feedback rate. As thefeedback rate was made stronger,
the peak temperature achieved by the porous medismincreased which, in turn,
enhanced the evaporation. This shows that thentidezffects of the porous medium

play an important role in evaporation enhancement.

4.6.4.2 Effects of Porous Medium Structure

The effects of the porous medium structure werdistlby varying the porosity of
the medium. Simulations were performed for a rasfgeorosities (0.5-0.8). During
the calculations, the porous medium heat feedbatk mir inlet temperature, and
overall equivalence ratio were held constant at 2%) K and 0.3, respectively.
First, the steady-state axial temperature profieghe solid medium were obtained
and the results are presented in Fig. 4.60. Figu§@ suggests that at any given axial
location, the solid temperature decreases witheas® in porosity. This is in

qualitative agreement with the definition of potgsiRecall that porosity is the ratio
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between the void volume and total volume of a maltenf the porosity is increased
and total volume is held constant, the solid s@farea decreases. Under constant
heat input conditions, if the solid surface areerédases, the heat taken away by the
fluid phase increases, which in turn, lowers thegerature attained by the solid

medium.

Predicted transverse vapor concentration profiteés en downstream of the porous
medium for different porosities are shown in Figg4 The figure indicates that the
predicted vapor concentration profiles exhibitethigr trends. The peak vapor
concentration remained constant or decreased byas8%e porosity was increased
from 0.5 to 0.8. This suggests that the porositthe medium had negligible effects
on vapor concentration distribution. Note thatsthaimulations were conducted at
1% combustion heat feedback rate. Our previousulsiions (Periasamy and
Gollahalli, 2006) show that at higher combustioadieack rates such as 3.6%, the
peak vapor concentration decreased by 42% as tlosipowas increased from 0.5 to
0.87. At 1% combustion feedback rate, the raisgoious medium temperature was
lower than that at 3.6%. This led to lower porousdium temperature, and hence,

produced a smaller difference in peak vapor comagah.

4.6.4.3 Effects of Fuel Flowrate
In typical combustion systems, depending on thed,lcke fuel stoichiometry
changes; this affects the peak temperature in ldmeef zone, and in turn the heat

feedback to the evaporation porous media (EPM).ledénthe heat feedback is
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measured experimentally or known by modeling coribnsa coupled solution to
this problem is very difficult. Hence, the probleras solved in an uncoupled
manner; first, the effects of different heat feedbatrengths were studied by holding
the equivalence ratio constant. Then, the equicaleatio was varied by holding the
strength of heat source constant. Results ofdimadr study are discussed in Section

4.6.4.1 and that of the latter study are preseint¢ais section.

Figure 4.62 shows the effect of fuel flowrate (@erll equivalence ratio, since air
flowrate is constant) on transverse vapor concgatradistribution at 5 cm
downstream of porous medium for a heat feedbaekatll%. The air flowrate was

fixed at 190 I/min and fuel flowrate was varied.

Results showed that the vapor concentration psofilowed a near-flat profile in
the center region at the exit of the porous mediith an increase in equivalence
ratio from 0.3 to 0.4, the peak vapor concentratiocreased by 50%. Further
increase to 0.7 caused the peak vapor concentratiatecrease. Since the air
flowrate was held constant, fuel flowrate was iased to achieve richer equivalence
ratios. Increase in fuel flowrate beyond a criticalue flooded the porous medium.
This decreased the evaporation enhancement. Futtieeheat feedback rate (and
hence, the peak temperature attained by the ponedsum) was held constant for all
these simulations. In liquid-fueled combustorgréased fuel flowrate means an
increase in firing rate. This would, in turn, inase the rate of energy that has been

fed back to the evaporation porous media. Hermepeak temperature attained by
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the porous medium would also increase. This, in,twould lead to higher vapor

concentration downstream of the porous medium.

4.6.4.4 Effects of Flame Temperature

In previous sections, a volumetric heat source faaction of average heat input was
specified in the solid phase energy equation takita combustion heat feedback. In
this section, instead of adding a heat sourcearadlwith a specified temperature was
set at the exit of the porous medium. The heaisteat from the flame zone to the
porous medium was predicted by solving the radeatisansfer equation. The
radiative heat flux was computed using a P-1 ramhatmodel (see Section 3.3.1.5)
and substituted as a source term in the solid paasggy equation. The convective
heat transfer to the gas phase was computed usjogtibns 3.9 and 3.10. Figure
4.63 shows the axial temperature distribution i@ gorous medium for two flame
temperatures. The peak temperatures attainect dedlding edge of porous medium
were 1245 and 1475 K for flame temperatures of 1400 2100 K, respectively.
This indicates that under burning conditions theope medium attains much higher
temperatures than that are needed for completerivafion. This means that
additional porous media could be installed upstréamevaporation enhancement.

This would, in turn, shorten the evaporation regime

125



4.7 Chapter Summary

This chapter presented evaporation characterisfidgjuid spray in porous media
with simulated combustion heat feedback rate. Bmstherimental and numerical
results were discussed. Measured pressure drogased with linear pore density, as
the porous medium structure became finer with laligear pore densities. Surface
temperature distribution obtained by infrared inmggievealed that the temperature of
porous medium was uniform within measurement uagdres. Predicted axial and
surface temperature of the porous medium showedt tthe peak temperature
increased with an increase in heat feedback ristedel predictions agree well with
experimental measurements. Droplet results shawatd higher droplet velocities
were recorded at spray core and the droplet védsaitecreased radially. Peak vapor
concentration with combustion heat feedback sho8&% higher than that with no
heat feedback. The presence of porous medium asese the residence time,
modifies the radial non-uniformity of mass flux fikes, and prepares uniform vapor
concentration downstream of porous medium. Connrudteat feedback to the
porous medium increases its temperature, imprdvesieat transfer to droplets, and

enhances evaporation.
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Table 4.1 Computational parameters used in twoggneguation modeling

Parameter Value Units
Porosity 0.87 -
Pore diameter 490 um
Ergun constant 1 180 -
Ergun constant 2 4.0 -
Porous region volume| 36 ém

Table 4.2 Comparison of droplet characteristickavbsene, n-heptane, and methanol

sprays upstream of evaporation porous medium

Parameter Kerosene n-Heptane Methanol Units
Fuel flowrate 6-14 6 12 ml/min
Coflow air flowrate 130-195 77-178 77-178 I/min
Peak droplet 15-35 50-80 60-85
diameter
Location of peak atorcloseto | atorcloseto | atorclose
SMD Spray core Spray core to spray
core

Peak droplet velocity, 7-23 10-40 10-35 m/s
Effect of temperature reduced the reduced the reduced the
on SMD variation effect ofpat | effect ofpat | effect of@

490 K 323 K at 323 K
SMD variation along| generally decreased decreased -
transverse direction | decreased and

then increased
Droplet axial velocity| decreased decreased increased -
variation along
transverse direction
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Table 4.3 Results of vaporization experiments withmorous media

Coflow air
temperature, K

Presence of
porous medium?

Results

500 K and above

No

Kerosene droplets were vaporized
completely with 3 cm from the exit o
the injector

477 K No A minimum distance of 9 cm was
needed for complete vaporization

450 K and below No More than 15 cm was needed for
complete vaporization

400 K Yes With the use of porous media, only &

minimum of 9 cm was needed for
complete vaporization

|

"Heat feedback rate supplied to the evaporationyzoneedium was 1% of the
average heat released in the combustion zone
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Fig. 4.2 Measured pressure drop across porous roédieferent pores per
centimeter at various coflow air velocities (Coflaw temperature = 350 K)

129



Pressure drop, cm of water

Pressure drop, cm of water

25

! —8— NoPM
i —A—— 8PPCM
20 - —&— 12PPCM
i —O— 18PPCM
B —s7— 25PPCM
- —p— 31PPCM
15 B
i T,= 400 K
10 f
| %
0 i L L I L L I L L I L L I L L I L L I L L I L L
0 0.5 1 1.5 2 2.5 3 35 4

Velocity of coflow air, m/s

Fig. 4.3 Measured pressure drop across porous roédieferent pores per
centimeter at various coflow air velocities (Coflaw temperature = 400 K)

257
| —8— NoPM
5 —A—— 8PPCM
20 —&— 12PPCM
i —6©— 18PPCM
i ——— 25PPCM
| —p— 31PPCM
15+
f T,= 450 K
10
5
07‘”‘|HH|HH|HH|‘H‘|HH|HH|HH
0 0.5 1 1.5 2 2.5 3 35 4

Velocity of coflow air, m/s

Fig. 4.4 Measured pressure drop across porous roédieferent pores per
centimeter at various coflow air velocities (Coflaw temperature = 450 K)

130



25

| —8— NoPM
S 20 F —O— 18PPCM
*C_‘U |
é - Coflow air velocity = 2.0 m/s
e 15
o i
o I
P |
©
o 10 B
S B
(%))
0 i
e |
g . i O/e/e/e
250 300 350 400 450 500

Coflow air temperature, K

Fig. 4.5 Effect of coflow air temperature on thegsure drop across 18 PPCM porous
media at a coflow air flow rate of 195 I/min

131



25

—A— 8PPCM

—O— 18 PPCM
——H— 31 PPCM
—*—— Ergun

20

15

10

Pressure drop, cm of water

L L L L L L L L L L L L L L L L L I L L L L L L L L L L
0.5 1 1.5 2 2.5 3 35 4
Velocity of coflow air, m/s

o

Fig. 4.6 Comparison of measured pressure drop sap@sus media with Ergun
equation (unheated coflow air)

20000 r
- 0
18000 F —8— unheated
F A T,=350K
16000 F —<©— T,=400K
—_ F O T,=450K
214000 |
=12000
£ -
= 10000
2 8000 f
S 6000 F (Lp/y/u = 2970.8 u + 1076.1
~ C (u]
4000 ;— R?=0.9597
2000
O:H"|HH|HH|HH|‘H‘|HH|HH|HH
0 0.5 1 1.5 2 25 3 35 4

Velocity of coflow air, m/s

Fig. 4.7 Calculation of permeability of porous neettiom the measured pressure drop
data (PPCM = 18)

132



550
525 00O © 00000000

o QQQ
500

475
450

425

-B—ELQ ay, 9\

§88EB800,8%
M

—A— HFR=08%
- O~ - HFR=09%

400

Porous medium surface temperature, K

375 —O-- HFR=10%
350 —&O—— HFR=12%
25 PPCM
325
— ey
30(-)0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8
Normalized transverse location, r/w
(a) 25 PPCM
550
525
&QQQMWMQO

500
475
450
425
400

—A— HFR=08%
- O - HFR=09%

Porous medium surface temperature, K

375 —O-— HFR=10%
— %~ HFR=11%
350
305 31 PPCM
— e
3O(-)O.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

Normalized transverse location, r/w
(b) 31 PPCM

Fig. 4.8 Measured surface temperature distributid2b and 31 PPCM porous media
with different heat feedback

133



10

AT =Tmax 'Tmin

0
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Fig. 4.50 Transverse Sauter mean diameter pradflesethanol spray at different
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Fig. 4.51 Transverse droplet axial velocity prcfilef methanol spray at different
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Fig. 4.52 Transverse droplet axial velocity prcfilef methanol spray at different
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Chapter 5
Combustion of Liquid Spray in Porous Media

5.1 Introduction

In the previous chapter, evaporation enhancemelijtl spray in porous media has
been studied with aimulated combustion heat feedbackhis chapter extends the
study by replacing the simulated heat feedbackcsowtith the combustion of liquid
spray in the porous media located downstream. dhapter presents the interactions
between combustion and evaporation. Stable opgraggimes, porous medium
temperature near extinction, surface temperaturoramty, radiative heat release,

and pollutant emission of spray flames in porouslimare discussed.

5.2 Flame Appearance

As mentioned in Section 2.3.5, a high-temperatuyeov® glass test section was
used during the combustion experiments. The alumiporous medium housing
was replaced with a stainless steel housing. A&-d$inuctured 25 PPCM porous
medium was used as evaporation and fuel vapor—aimghmedium (EPM). A

coarse 8 PPCM porous medium was used as combyxirons medium (CPM) and
placed immediately downstream of evaporation pormeslium. Figure 5.1 shows

the typical porous media setup employed in thidystu
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First, the coflow air preheater was turned on dmdesired coflow air temperature
was set. The flow rate of air was set to produeedesired velocity in the test section
using a calibrated rotameter. The fuel tank wassgurized using compressed
nitrogen. A pilot flame was ignited at the exitdgwnstream glass test section. The

fuel flowrate was set at the desired value andatbenizing air was set to attain steady

spray.

After a 1-2 minute start up period, the fuel speaganated from the injector, and
subsequently, vaporized and mixed with air in tiRVE The fuel vapor—air mixture
was ignited by the pilot flame and a stable flamasvestablished in the porous
medium. Initially, a fuel flowrate corresponding & fuel-rich condition was set.
Once the flame was established, the desired condwtias set. A stable flame is
defined as one that is entirely contained withinoor the surface of the porous
medium for a given fuel and air flowrate and reredisteady. The former is referred

to as interior flames and the latter is referredde®urface flames.

5.2.1 Interior Flames

In the interior combustion mode, the flame was i inside the combustion

porous medium. The flame was completely contawédin the porous medium.

Figure 5.2 shows a typical view of the top surfatéhe combustion porous medium
during the interior combustion mode. The porouslioma glowed in a bright orange

color. Occasionally, a long streak of yellow flamas observed downstream of the

porous medium. With a reduction in fuel flowrateldw a certain value
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(corresponding to the stable lean limit of interflmames, discussed in Section 5.3),
the flame appeared as a transient weak blue flamthe surface and immediately

extinguished.

The porous medium was able to withstand combustantinuously for more than
two hours. The combined operation of one poroudiume exceeded more than 100
hours maintaining structural stability. No cloggiof pores was observed. Further,

interior flames operated quieter than surface feame

5.2.2 Surface Flames

In the surface combustion mode, the flame was avetgbilized on the downstream
exit surface of the combustion porous medium. fldme covered the entire porous
medium surface. Figure 5.3 shows a typical surftame observed in this study.
The flame exhibited a cellular structure or appeaas contiguous flat bright blue

sheet. The flame zone was located about 1-3 mmwedibe porous medium surface.

As the fuel flowrate was decreased below a cegginvalence ratio, the flame first
lifted from the surface on locations where the galgcity was higher than the local
flame speed. As the mixture was made leaner,|#hdldme structure weakened and
transformed into cellular structure. With a furtlieecrease in the fuel flowrate, the
flame was completely lifted from the surface andswamediately extinguished. A

fully lifted flame could not be stabilized.
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5.3 Lean Extinction Limits

5.3.1 Déefinition of Flame Extinction in Porous Media

As mentioned earlier, interior and surface comlonstilames could be stabilized
inside and on the exit surface of combustion poroadia, respectively. The specific
mode of combustion depends on the flowrates obwo#ir and fuel and the location
of injector. However, only one mode of combustmould be established for the
specified set of conditions. A stable interiornila once established in porous
medium, remained stable as an interior flame untidlew out, and similarly, the
surface flame remained stable on the exit surfA¢ceeoporous medium until it blew

out.

After a stable interior or surface flame was esshledd, the fuel flowrate was
decreased while keeping the coflow air velocity stant. During the interior
combustion mode, below a critical fuel flowrate @uuivalence ratio), the flame
appeared as a transient weak blue flame on thacguend blew out immediately. In
the surface combustion mode, below a critical floslrate, the flame lifted from the
exit surface of combustion porous medium and bletMmmediately. The condition
where the flame (interior or surface) is not présenhe porous medium is referred to
as flame extinction. This flame extinction wasedtéd by visual observation and

porous medium surface temperature measurements.
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5.3.2 Measurement of Flame Extinction in Porous Media
During the interior or surface combustion mode, filnel flowrate just prior to the
extinction of flame was recorded. Using the coflaw flowrate, the equivalence

ratio at extinction was calculated, as follows:

Pext = (F/ A)ext
ext —
(F/A)stoichiomeric

(5.1)

This procedure was repeated for a range of coflawflawrates and injector
locations. An effective gas velocity through therqus medium was calculated by
dividing the coflow air volume flowrate by the poasomedium surface area projected

perpendicular to the mean flow direction, as fokow

_ Totalairflowrate
PMsurfacerea

(5.2)

ueff

Figure 5.4 presents the variation of extinctioniegjence ratio with effective gas
velocity for different injector locations. Eachtdapoint in the figure denotes the
lowest equivalence ratio up to which the flamegefior or surface combustion)
could be established in porous medium. Surfacebostion data points are shown as
filled symbols in Figure 5.4. This figure illustes the operating regimes of interior
and surface combustion flames in porous media. rébelts show that a decrease in

the effective gas velocity decreased the extincéquivalence ratio for all injector
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locations. The effective gas velocity determinbd tocation of the flame in the
porous media and a decrease in the effective dasityemoved the flame further
inside the porous medium. Uncertainty in the mesament of extinction equivalence
ratio was less thati 8% of the mean value. This was calculated usiogléht's t-

distribution at 95% confidence interval.

When combustion occurred inside the porous medthimheat transfer upstream to
evaporation porous medium (EPM) became more efficiue to the increased
porous medium temperature. In this study, intemmmbustion flames were
stabilized at as low an equivalence ratio as @8.the other hand, at higher effective
gas velocities, flames were stabilized only on sleface of the porous medium.
Further, a critical effective gas velocity that toiguished interior and surface
combustion modes was found. In the present cordtgun, increasing the effective

gas velocity beyond 130 cm/s resulted in surfaamds.

5.4 Damkohler number Analysis at Flame Extinction

Based on the experimental results discussed iniquevsection, a generalized
understanding of flame extinction in porous medis theen developed. The

Damkdohler number is used to capture flame extindbehavior.

When the fuel spray is injected into a coflow eamiment, the residence time of fuel

droplets depends on the coflow air velocity, inpedbcation, and thickness of the
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evaporation porous medium. In this study, a charestic residence time for the fuel

spray upstream and inside evaporation porous mediggr can be calculated as

follows:
d, +alt

t.. :% (5.3a)
where,

dip - Distance between injector and porous medium

a - Porous medium thickness correction factor

tp - Porous medium thickness

u - Axial gas velocity

Note that one unit length of porous medium providese residence time than one
unit length of open space. Resistance offered Hay gorous medium could be
calculated using Hydraulic Radius Model (Kavian99%). This model assumes the
presence of imaginary hydraulic tubes in the poroeslium. These hydraulic tubes
are responsible for the randomness in the porousumestructure, since they do not
generally follow a straight path. The resistandéiered by the porous medium

depends on the length of hydraulic tubeg)(in the medium.

Tortuosity ) is defined as the ratio of the thickness of tbeops medium and the

length of longest hydraulic tube in the porous raedias follows:
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1=_P (5.3b)

Typical tortuosity values are presented in Kavigh995). In the present study, a
tortuosity of 0.3, typically corresponding to padKkeeds, was chosen. For a porous
medium of thickness 2.54 cm, the length of londmstraulic tube was calculated to
be 8.54 cm. The porous medium thickness corredtiotor, a in Equation 3.4a, was
calculated to be 3.4. Note that for porous medwith high porosity §€ > 0.4), the

effect of tortuosity could also be neglected.

Figure 5.5 presents the effect of preheating resieletime on the extinction
equivalence ratio. The figure indicates that iasreg the preheating residence time
decreased the extinction equivalence ratio. Adamgeheating residence time denotes
more time for spray evaporation and mixing, andceefeads to interior combustion.
If the residence time is small, evaporation andingpare not complete, and a surface

combustion mode is favored.

A characteristic chemical timec{¢r,) for the combustion of kerosene spray can be

calculated as follows:

0
t = 5.4
chem S, (5.4)
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where

0 - Laminar flame thickness
S - Laminar flame speed of kerosene with air atcstioimetric
conditions

In Equation 5.4, the laminar flame thickness aath# speed of kerosene with air at
stoichiometric conditions were used (Annamalai &hdi, 2006). In the present
study, the equivalence ratio employed ranged frodht0 0.2. Hence, the flame
thickness and speed were extrapolated to lean ttmmsliand employed in the above

expression.

Using the characteristic residence and chemicat tswales, a Damkodhler number

(Da) can be calculated as follows:

Da=— (5.5)

chem

Figure 5.6 presents the effect of Damkdhler nundreextinction equivalence ratio
for different injector locations. The operationgirees of interior and surface
combustion modes are also marked in the figuree Sgecific mode of combustion is
determined by the completeness of vaporizationtaedjuality of reactant mixture in
combustion porous medium. Availability of a flamola mixture in CPM favors

interior combustion. If a flammable mixture is rpyepared until the exit surface of
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EPM and CPM, surface combustion is most likely taw. Since the air flowrate
was held constant, the average gas velocity thradbghporous medium was also
constant. A decrease in fuel flowrate reduced ftame speed. At some fuel

flowrate, the local gas velocity exceeded the flapeed, and blew out the flame.

The figure shows that a nominal Damkohler numbés.0fwas required to initiate the
interior combustion mode. As Da was increased, ekiinction equivalence ratio
decreased. At a given Da, interior flames couldshkbilized over a range of
equivalence ratios. For instance, at a Da of iGt@yior flames were stabilized over
an equivalence ratio range of 0.2 to 0.45. A ldbgenkohler number denotes higher
preheating spray residence time; if the resideimse s higher, as mentioned earlier,
the fuel spray vaporizes more completely and mbegter with air. Also since this is
in the fuel lean regime, more fuel vapors tend toventhe mixture towards an
equivalence ratio of unity, and thus increases rdection rate. Hence, a stable

interior combustion mode is established under tkcesditions.

Our results show that both surface and interior lmastion modes could exist in
porous media over a range of Damkohler numberse shinface combustion mode is
similar to the operation of flat flame burner buthwa thicker porous disk functioning
as evaporator, mixer, and flame holder. In therint combustion mode, combustion
takes place inside the porous medium, and heneg¢ ttaesferred to the solid portion

is more efficient. This, in turn, improves upstreheat transfer to EPM and fuel

spray.
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5.5 Temperature Characteristics near Extinction

The porous medium interior temperature and surfes@perature uniformity
measurements were taken to understand the upsthesn feedback rate and
detection of flame extinction. Interior temper&umeasurements were taken using a
thermocouple at nine locations in CPM prior to estion. The surface temperature

uniformity measurements were taken using infragadera (Section 2.4.2).

5.5.1 PorousMedium Interior Temperature

Figure 5.7 shows the locations of thermocouple oressents in combustion porous
medium. Six K-type thermocouples were embeddedwan opposite walls of the
porous medium and three thermocouples were indtatiside the porous medium
along the centerline at uniform intervals. Figtr& presents the measured centerline
temperature profile in the evaporation and combuastiorous media during interior
combustion. The coflow air velocity was held camstat 126 cm/s. The figure
indicates that the axial temperature in the evamrgorous medium increased only
slightly. On the other hand, at the interface lestwthe evaporation and combustion
porous media, the temperature increased rapidhis ihdicates that the combustion
occurred at the interface between the evaporatimh Gmbustion porous media.

After the flame zone, the axial temperature prefégehibited a decreasing trend.

The axial distribution of the porous medium tempae during flame extinction is
presented in Figure 5.9. Coflow air velocity wasddhconstant at 126 cm/s and the

distance between injector and evaporation poroudiunewas 6 cm. The figure
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presents the axial distribution of porous mediumgerature at different equivalence
ratios prior to flame extinction. It shows thaetheak temperature attained in the
porous medium at each equivalence ratio decreastd decreasing equivalence

ratio. In this case, stable interior combustiorswhserved until an equivalence ratio

of 0.35.

Figures 5.10 to 5.12 present porous medium intg¢gaorperature at two locations:
18.4 cm from injector (12, See Fig. 5.7) and 19 ftom injector (13, See Fig. 5.7)
prior to extinction for different injector locatisnand coflow air velocities. The
figures show that the temperature decreased, agjtiiealence ratio was reduced i.e.,
lean extinction was approached. At interior lomasi, the flames were stable at as
low as a temperature of 1000 K. The temperatut® atas higher than that at 12 at
most equivalence ratios. This means that the flasm@e was located near the

interface between evaporation and combustion paredia.

Since surface temperature is easier to measure themterior temperature, it is
useful to relate flame extinction to surface terap@e measurements. Temperature
measurements at the centerline near the porousumesit surface (11, See Fig. 5.7)
were also taken for this purpose. Figure 5.13 shewch results at different
equivalence ratios prior to extinction for a Daml@mumber of 5.0. The figure
shows that the surface temperature decreased &asetiflowrate was reduced i.e., the
lean extinction was approached. All the flamesenextinguished below a surface

temperature of 900 K. Babb et al. (1999) expertagn measured an extinction

194



temperature of 1500 K for liquid heptane open d&ifin flames (no porous medium
was employed). In the present study, an extinctemperature of less than 900 K
was recorded. This demonstrates that combustiopomous medium could be
stabilized at much lower temperatures than thaipien flames. Hence, the insertion
of porous medium in the combustion zone of a sfieage widens the range of stable

burner operation.

5.5.2 Adiabatic Flame Temperature

Adiabatic flame temperature calculation of pre-vagexl premixed kerosene-air
combustion (with no porous medium) for equivalemagos from 0.2 to 2.0 was
performed using Olikara & Borman (1975) routindgufe 5.14 presents the effect of
equivalence ratio on adiabatic flame temperatufée adiabatic flame temperature
showed a peak value of 2300 K at an equivalende oatl.1 and decreased when the
mixture was made fuel leaner or richer. At a viean equivalence ratio of 0.2, the
adiabatic flame temperature was 850 K. Also shawthe figure is the measured
porous medium temperature at the flame zone nedimcérn conditions
corresponding to a coflow air velocity of 126 cm/Bhae distance between the porous

medium and the injector was 6 cm.

Although the porous medium housing was insulateelet were some radiative losses
occurred from the walls. Recall that the experitakdata reported in Figure 5.14
correspond to the porous medium temperature. Santteermocouple was used to

make the measurements, the measured temperaturanagerage between the gas
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phase and solid phase temperatures. The measateavds about 200 K lower than
the adiabatic flame temperature at the equivaleate of 0.65. This difference
could be attributed to the heat loss from chambatswand the measurement nature
of flame temperature in the porous media. Alsatenihat the adiabatic flame
calculations were performed by assumingHz; for kerosene fuel. However,
kerosene is a multi-component fuel and this singaltfon could also contribute to the

differences between measurements and calculations.

5.5.3 Comparison with Literature

Khanna et al. (1994) measured the exit plane tesyes of methane-air combustion
in porous medium. They reported a temperatur260XK for an equivalence of 0.6.
In the present study with kerosene spray flamepdrous medium, the surface
temperature measured was 1241 K. A comparisomiofesults with that of Khanna

et al. (1994) reveals that our data are in goodexgent with literature.

Sathe et al. (1990) numerically studied the heatsier and combustion of methane-
air in porous radiant burners. Their results stbwleat stable flames could be
established at the center of the upstream and doeans surfaces. Barra et al. (2003)
numerically studied the effect of material propeston the stabilization of methane-
air combustion in a two-section burner. They caodel that the flame was stabilized
at the interface between the two sections. Inptlesent study, it was observed that

the flame was located near the interface betweapaation and combustion porous
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media (Figs. 5.8 and 5.9). Hence, our resultsragood agreement with previously

published data.

5.5.4 Surface Temperature Uniformity

The porous medium surface temperature uniformityotless spacious homogeneity of
fuel air-mixture prior to flame zone. Figures 5.65.17 present porous medium
surface temperature uniformity during interior carstion spray flames at four
different equivalence ratios prior to extinctiormr 8o Damkdhler number of 5.0. The
figures show that the peak temperature decreasetheaequivalence ratio was
decreased, as also observed with thermocouple mesasaots. The results further
show that the surface temperature was uniform withb@C. Note that the figure

shows only the difference between the maximum amdnmum temperatures since
the emissivity of the porous medium was not knowousgately. Semi-quantitative
results could, however, be obtained by combining tifermocouple and infrared

images.

5.6 Flame Radiation

Radiation from the porous medium during combustiees measured by using a
radiometer. The radiometer was located directlycB5 above the exit surface of
combustion porous medium. A quartz window (spédtemsmission of 0.2 to 4.5

microns) was used to cover the sensing surface hande, only the radiant energy
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output over a wavelength range of 0.2 to 4.5 misrfoom the porous medium surface

was measured.

Figure 5.18 presents the radiation from the com&gtorous medium at different
injector locations during the interior combustionde. While the coflow air flowrate
was held constant at 90 I/min, the fuel flowrateswlacreased. The figure shows that
the flame radiation decreased as the extinctionapgsoached. As the fuel flowrate
was reduced, the heat input was decreased, ane,hiecradiant heat energy from
the flames was also decreased. Decreasing por@dsum surface temperature
profiles (Fig. 5.9) during flame extinction alsgpport the decreasing trend of flame
radiation. Although there were some non-systematr@tions in the radiant energy
output with the location of injector observed, #hasere within the experimental

uncertainties (mean value100 W/nf).

5.7 Pollutant Emissions

Emission indices of carbon monoxide (CO) and nitmidde (NO), and exhaust
concentration levels of carbon dioxide (§CGand oxygen (g of spray flames
stabilized on the downstream exit surface of coribosporous medium were
measured. A Pyrex® glass funnel was placed dyrdcitm above the exit plane of
combustion test section to collect the combustiomdpcts. A quartz probe was
inserted at the exit of the glass funnel, and dree was drawn (see Section 2.4.6

for details).
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5.7.1 Equilibrium Composition

The equilibrium composition of kerosene—air comimmstproducts was calculated
using Olikara and Borman (1975) routine. This cedees for the composition of 12
species in C-H-O-N combustion system using severiliequm reactions and four
atom-conservation equations. Kerosene was asstoneel a single-component fuel
of CioHos. Figure 5.19 presents the mole fractions of aanm@noxide (CO), nitric
oxide (NO), oxygen (g, water vapor (KHO), and carbon dioxide (G for
equivalence ratios@ from 0.2 to 2.0. Note that there was no porowdiom
considered for this analysis. As the equivalerat® iwas increased from 0.2, mole
fraction of CO increased only slowly untp = 1.0. However, it increased
significantly afterq = 1.0, as more fuel was available than the requaraount (fuel-
rich combustion). The mole fraction of,@ecreased as equivalence ratio was
increased, and became negligible beyagnd= 1.0, due to burning in fuel rich

condition.

The mole fractions of C£and HO increased as the equivalence ratio was increased,
both attained peak values near 1.0 (due to theoretical complete combustiondl an
decreased thereafter. The mole fraction of NO slsawed a trend similar to that of
CO; and HO. The production of thermal NO primarily depends flame
temperature, and hence, peak values of NO wereinebtanear stoichiometric

condition (high flame temperature regime).
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5.7.2 Emission Indices of Carbon Monoxide (El co)

The exit concentration levels of CO and £®ere measured downstream of the
combustion test section containing combustion permedium. From the measured
data, global emission index of CO was calculatedguEquation 2.1 (Turns, 2000).
Figure 5.20 presents global emission indices farr fequivalence ratios prior to
extinction, and two locations of injector. CO esm indices ranged from 13 to 100
g/kg of fuel. Equilibrium calculations showed a @®ission index of 4.77 g/kg of
fuel at an equivalence ratio of 0.7. Note that #f®ve equilibrium calculations
assume pre-vaporized, pre-mixed combustion of ke®yapors with air. Also, no
porous medium was employed. As the equivalende wa&s decreased or flame
extinction was approached,dglshowed a somewhat non-systematic variation. This
variation was, however, within the experimentalentainty of £ 12 g/kg of fuel. The
injector located farther from the leading edge ofporation porous medium
produced lower Eb. Such emission index measurements are indepemdenty

dilution by air, and widely used in evaluating #féciency of combustion systems.

Another common way of representing pollutant eroissiis by correcting it with a

fixed amount of oxygen content, according to tHefing equation:

(5.6)

where,
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C - Measured concentration level in a dry gas sanspl&aining ‘m’
amount of oxygen
Cm - Corrected concentration level in a dry gas semgbntaining a

reference amount ‘r’ of oxygen, usually 3%

Figure 5.21 presents emission levels of CO in gaetamillion (ppm) corrected to 3%
oxygen content in product gases for two locatiohs@ctor and four equivalence
ratios prior to extinction. CO emission level earifrom 40 to 160 ppm. The figure
indicates that CO emission increased as extinctias approached. When the
injector was located farther, due to larger dropkgidence time, more complete
combustion occurred resulting in lower CO. On ¢iieer hand, as the injector was
moved closer to the evaporation porous mediumgeesee time at both upstream and
in porous medium region decreased, and the dedreenobustion decreased, and

hence, increased the CO emission level.

In a methane-fueled porous medium burner, Khanred. €1994) measured the CO
emissions as 5 - 120 ppm for equivalence ratio3.®fto 0.87. In the present study,
depending upon the location of injector, CO emissiwere obtained from 40 to 160
ppm, corrected to 3% oxygen. Note that the Khaehal. (1994) used gaseous
methane as fuel. However, a comparison of ourlteesuth Khanna et al. (1994)

reveals that the results are in good agreementliretiature.
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5.7.3 Emission Indices of Nitric Oxide (Elno)

Emission indices of NO were calculated using theasueed global emission data
downstream of the combustion test section and kmu&tl (Turns, 2000). Figure
5.22 presents ks for four equivalence ratios prior to extinctiondaat two locations
of injector. Results show thatNglwere less than 2.5 g/kg of fuel. \gldid not vary
significantly with the location of injector or tlegjuivalence ratio. This demonstrates
the benefits of porous medium in making NO emisssomewhat insensitive to
operating parameters. This is due to uniformitywadl as low dependence of
reaction zone temperature to operational paramdtexdo the large thermal mass of
porous medium and its role in evenly distributinglf Measurement uncertainties
calculated using Student’s t-distribution at 95%fatence level are + 0.46 g/kg of
fuel. Figure 5.23 presents global emission of @ acted to 3% oxygen content in
combustion products for similar conditions as tbatFigure 5.22. NO emission

results were less than 6.5 ppm.

In combustion systems, following are the three majechanisms that describe the
formation nitric oxides:

(i) Thermal or Zeldovich mechanism

(i) Fenimore or prompt mechanism

(iif) N 20O intermediate mechanism

Thermal or Zeldovich mechanism describes NO foromatin high temperature

combustion system over a wide range of equivaleates. Fenimore or prompt
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mechanism describes NO formation in fuel-rich costimm systems. The
intermediate mechanism explains NO formation inl-fean, low-temperature
combustion systems. In the present study, poradium interior temperature (close
to flame temperature) increased with equivalentie.raAccording to the Zeldovich
mechanism, an increase in flame temperature als@ases the NO concentration
level. The Zeldovich mechanism does not only ddpmmhigh temperature, but also

on the amount of time spent in the high temperategen.

The peak temperature attained at the leading efigentbustion porous medium due
to the burning of spray flames decreased downstieamediately (See Figure 5.9),
due to conduction and radiation heat feedback e@str This means that the
residence time in the high temperature region waallsand hence, the formation of
NO was reduced considerably in combustion in porausdium. Since lean
combustion was established in this study, th©® Nhtermediate mechanism could

have also contributed to some level of NO formation

Kaplan and Hall (1995) measured NOx emissions fioimeptane fueled porous
media radiant burner. Their results indicated thatNOx concentration varied from
15 to 20 ppm, corrected for 3% oxygen. In the @mésstudy with kerosene
combustion, NO concentration had a maximum valué.6fppm, corrected to 3%
oxygen. Although there is a difference in fuelmgarison of our results with Kaplan

and Hall (1995) shows that the results are in éscehualitative agreement. Similar

203



data were also obtained by Tseng and Howell (1888&he combustion of n-heptane

in porous media.

Puri and Gollahalli (1989) measured the transvéd€e concentration profiles of

kerosene spray flames without using a porous mediNteasurements were taken at
different axial locations for a fuel flowrate 0f33. g/s and a secondary air velocity of
0.4 m/s. At the centerline of the spray, the arghieported a NO concentration of 22
ppm (corrected to 3% oxygen). In the present sttldyNO concentration (corrected
to 3% oxygen) varied only from 2 to 7 ppm over guiealence ratio range of 0.4 to
0.7. This demonstrates that the combustion in ygnmedium reduces the NO
emission from spray flames considerably. Thisus tb the enthalpy augmentation

of reactants via heat feedback and the shortataese time in the flame zone.

5.7.4 Exit Concentration Levels of Carbon Dioxide (COy)

Measurements of concentration levels of ,C@ere made downstream of the
combustion test section. G@ the result of complete combustion, and henigen
values of CQ concentration indicate the complete use of eneogyained in the fuel.
Figure 5.24 shows global concentration levels of, @ two injector locations at
four equivalence ratios prior to extinction. £€ncentration had a maximum value
of 3.1%. With a decrease in equivalence ratiaugl-fean region, C@concentration
also decreased. Concentration levels of, @@re higher when the injector was
located farther from the leading edge of the evafpmm porous medium. As

mentioned earlier, locating injector farther awagreases residence time, and hence,
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promotes more complete combustion, resulting inreased values of GO

concentration.

5.7.5 Exit Concentration Levels of Oxygen (O,)

The oxygen (@ concentration in combustion products was alsosuea. Figure
5.25 presents the global concentration levels fdD two injector locations and at
four equivalence ratios prior to extinction. Thesults showed that the,O
concentration had a lowest value of 16.3%. ThegeRryconcentration increased as
equivalence ratio was decreased. Here, the awrdtl® was held constant, and fuel
flowrate was reduced to attain flame extinction.enkle, as the extinction was
approached, the L{concentration increased. With the injector lodai@ther from
the leading edge of the evaporation porous meditln@®, Q concentration levels

measured were lower than that with injectors latateser to the porous medium.

5.8 Chapter Summary

This chapter presented an experimental study afysfpames stabilized both inside
and on the downstream exit surface of the combusgiorous medium. Lean
extinction limits of interior and surface combustilames in porous media were
determined. A general Damkohler number approachk aeveloped to understand
flame extinction in porous media. Interior tempera and downstream exit surface
temperature of the combustion porous medium wassuned. Axial temperature

distribution in evaporation porous medium due tenbastion heat feedback was
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reported. This chapter also presented radiatiat tedease from combustion porous

medium downstream surface, and emission indic€&Opand NO.
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Figure 5.1 Experimental arrangement of evaporatimhcombustion porous media
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Figure 5.2 Photograph of typical interior combustion flamparous media

Figure 5.3 Photograph of a typical surface combustion fiarmperous media
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Figure 5.15 Contours of difference between maximum anchmimi temperatures on
the porous medium surface during interior combustioralised by infrared imaging
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Figure 5.21 Measured emissions of CO (corrected to 3% oXygdour equivalence
ratios prior to extinction for two injector locations (Gof air velocity = 96 cm/s)

220



10
)
=) i o dip =5cm
5 8 B A d,=6cm
o)
=
()] |
o 6F
Z =
©
< i
o 4r
= -
S
= - A
2 2t A A
E B D A
L [m] o m]
. . . . | . . . . | . . . . | . . . . | . . . .
%.3 0.4 0.5 0.6 0.7 0.8

Equivalence ratio

Figure 5.22 Measured emission indices of nitric oxide (N@)w equivalence ratios
prior to extinction for two injector locations (Coflow aelacity = 96 cm/s)

10
9f
= - o d,=5cm
o 8r A d =6cm
X i P
SC AN o
e - A
S 6F
Q §
o SF A
5 i A
S 4F
E 3t A
o -
o 2F ] (u]
=z B 0 o
1
: L L L L I L L L L I L L L L I L L L L I L L L L
%.3 0.4 0.5 0.6 0.7 0.8

Equivalence ratio

Figure 5.23 Measured emissions of NO (corrected to 3% oXygdour equivalence
ratios prior to extinction for two injector locations (Gof air velocity = 96 cm/s)
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Figure 5.25 Measured exit concentration levels of oxygeat four equivalence
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Chapter 6
Overall Discussion, Conclusions and Recommendations

6.1 Overall Discussion

Burning of liquid fuels in the form of either inddual droplets or spray critically
depends on evaporation rate. The objective of tbgearch was to understand
evaporation enhancement and combustion of liquatigpray in porous media. First,
combustion was decoupled, and heat feedback dwertbustion in porous media
was simulated by using a resistive heating mechani$his allowed us to vary the
heat feedback in a controlled manner. Next, condnusof fuel spray in porous
media was studied and the interactions betweenoezapn and combustion were
delineated. Appendix | presents a list of publaad from this research. Following

subsections present a summary of results and aalbgscussion:

6.1.1 PorousMedium Characteristics

The presence of porous medium in a combustor cadsksonal pressure drop. This
must be determined first before it can be usedmhustion systems. Experimental
measurements of pressure drop were taken at uheatiew conditions [ 294 K)
and heated conditions (350, 400, and 450 K) wiffedint porous media. Results
showed that the pressure drop increased as theacaift velocity was increased. The
pressure drop also increased with linear pore tde(mmimber of pores per centimeter)
and coflow air temperature. The measured presdume across the porous media

was less than 1% of the operating pressure. Fange, in industrial burners,
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additional pressure drop of less than 1% is reddenefebvre, 1999), considering
the benefits offered by the porous medium in evafpmm enhancement and

combustion.

The temperature distribution in porous medium s$igantly affects the uniformity of
the fuel-air mixture. The porous medium surfacegderature was measured and also
predicted. The results indicate that the tempesabdi porous medium was uniform
within £ 5 and 25 K with IR imaging and thermocoaipheasurements, respectively
at a feedback rate of 1% of the energy contenheflijuid fuel evaporated. Further,
the porous medium axial and surface temperaturélgspopredicted using a two-
energy equation model, revealed that the peak teatye increased with an increase

in heat feedback rate. Model predictions agreé wigh experimental measurements.

6.1.2 Spray Characteristics

Liquid fuels are usually injected into combustidrambers using atomizers such as
pressure-swirl and air-blast. In this study, arb#éast atomizer was used to inject the
fuel. Characteristics such as droplet Sauter ndgmeter, axial velocity, and liquid
mass flux of fuel spray were measured upstreamvapa@ation porous medium.
Smaller droplet diameters were recorded in theyspme. The droplet diameter
increased radially outward, and also with an ingeeim equivalence ratio. In most
cases, an increase in the coflow air temperatora #23 to 490 K caused significant

evaporation of kerosene droplets, and hence, redbaater mean diameter values.
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The droplet axial velocity was higher at spray carel decreased radially. Peak
values of the axial velocity decreased along the fa@m the injector exit. Due to the
swirl imparted to fuel spray, large particles wéneown away from the spray core,
which moved at lower velocities. The mass fluxaaiven transverse location also
increased with increase in equivalence ratio. lidued mass flux profiles followed

the trend of Sauter mean diameter profiles at spording equivalence ratios.

6.1.3 Evaporation Enhancement

Enhancement of the evaporation was quantified withulated combustion heat
feedback. The electric input supplied to the psrmedium for resistive heating was
represented as a fraction of heat released indimastion zone. At low equivalence
ratios such as 0.3 and 0.4, no heat feedback wgqsred to achieve complete
vaporization of the kerosene fuel; the preheatdtbwoair itself was sufficient to
completely vaporize the fuel. However, at highguiealence ratios, a heat feedback
rate of about 1% of the average energy content (LWes needed to completely

vaporize the fuel.

Experiments were conducted without the porous nmedilso to isolate the role of the
porous medium in the evaporation enhancement. VEp®rization experiments
without porous medium showed that at a given coflw temperature and fuel
flowrate, a longer vaporization section was neddeachieve complete vaporization.
In the present configuration, complete vaporizatimnthe kerosene spray was

achieved at 1% heat feedback rate with a vapooaection of only 4 cm long. On
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the other hand, when no porous medium was empldieiwould translate to the
use of a coflow air temperature of at least 500rka waporization section of more
than 15 cm long. Thus, employing porous media eoés evaporation considerably,
and allows operation at a lower coflow air tempamtor with a shorter evaporation

section.

The vapor concentration measurements downstreaavagoration porous medium
were measured and predicted. This was conductetivtoreasons: (i) to study the
effect of heat feedback rate on vapor concentrataord (i) to measure spatial
uniformity of the vapor concentration. The peakpaa concentration with 1%
combustion heat feedback showed 63% higher thanatitia no heat feedback. The
vapor concentration in transverse locations of a®b@% on either side from the
centerline of the test section was uniform within 26% (maximum). This

demonstrates that the porous medium not only emsafu2l| evaporation rate but is
also effective in producing a spatially uniform fwapor-air mixture downstream of

evaporation porous medium.

Computational results also showed that the peaknvepncentration increased when
the heat feedback rate was made stronger. Faanicest the peak concentration
obtained with a heat source of 1.1% was 40% tinigisein than that of the case with
0.8% heat feedback rate. This indicates thatiteenal effects of the porous medium

are dominant in the evaporation enhancement. Apcdational parametric study on
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the effects of heat feedback rate, porous medionctstre, fuel flowrate, and air inlet

temperature was also conducted.

When there is no porous medium employed, the vapocentration profiles should
follow the liquid mass flux profiles assuming unifo spatial vaporization rate. The
presence of the porous medium increases the regidiene, and the inherent random
porous matrix structure helps prepare the unifoapov concentration downstream of
porous medium. The combustion heat feedback t@dheus medium increases the
temperature of the evaporation porous medium, wimclurn, improves the heat

transfer to droplets, and enhances evaporation.

6.1.4 Combustion of Fuel Spray in Porous Media

Stable spray flames were established both insidenarthe surface of the combustion
porous medium. While the interior flame was cortgle contained within the
combustion porous medium, the surface flame wadsligied on the downstream exit
surface. For a given porous medium, the specibdenof combustion depended on
the flowrates of coflow air and fuel and the looatiof injector. Only one mode of
combustion (interior or surface) could be estalltsfor specified set of conditions.
A decrease in effective gas velocity decreasedetitin equivalence ratio for all
injector locations. The completeness of evapana@tnd the quality of fuel-air
mixture available at the combustion porous mediwgtemnined the flame stability.
The availability of flammable mixture in combustiporous medium favored interior

combustion. If a flammable mixture is not prepanaatil the exit surface of
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evaporation and combustion porous media, surfacgbastion was most likely to

occur.

A Damkdhler number analysis was developed to pmwadjeneral understanding of
flame extinction in porous media. The Damkdhlember is the ratio between a
characteristics residence time and chemical tinhe.this study, the characteristic
preheating residence time of fuel spray was vdmedhanging: (i) distance between
the porous medium and the injector, and (ii) th#ogo air flowrate. Since the air
flowrate was held constant at a given Damkdhler menmthe average gas velocity
through the porous medium was also constant. Aedse in the fuel flowrate
reduced the flame speed. At some critical fuelvfide, the local gas velocity
exceeded the flame speed, and blew out the flalneominal Damkoéhler number of

5.0 was required to initiate the interior combustioode.

Axial temperature profiles in the evaporation paronedium showed only a slight
increase. However, across the interface betweapogation and combustion porous
media, the solid temperature increased rapidlyis Tidicates that the combustion
occurred at the interface between evaporation antbastion porous media. Porous
medium surface temperature uniformity experimeriiswed that the temperature
distribution was uniform within £ 50 K. The flanmadiation decreased as the flame
extinction limit in porous media was approachedd €mission indices ranged from
13 to 100 g/kg of fuel. The measured NO emissmaiices were less than 2.5 g/kg of

fuel. Also, NO emission indices were somewhatnsgese to operating parameters
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such as equivalence ratio and the location of tojecThe exit CQ concentration had
a maximum value of 3.1% and exib ©Goncentration had a lowest value of 16.3%.

Concentration levels of Cand Q indicate the degree of combustion.

6.2 Conclusions

From the present study, following conclusions aeenah:

= The pressure drop across the porous medium inGessehe gas velocity
increases. It also increases with linear poreitiens

= The surface temperatures of the evaporation andgstion porous medium
in the present study are uniform within £ 25 andkS0espectively.

= The porous medium peak temperature increases witine@ease in heat
feedback rate.

= Lower droplet diameters exist in the spray core #mal droplet diameter
increases radially outward. The droplet velociaes higher at spray core and
decreases radially and also along the axial doecti

= A heat feedback rate to the evaporation porous unmediection of about 1%
of average heat release in the combustion sectiomeéded to completely
vaporize the kerosene fuel.

= The measured peak vapor concentration at the &xfteoevaporation porous
medium with 1% combustion heat release feedba@3% higher than that

with no heat feedback.
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= The predicted vapor concentration downstream openation porous medium
increases when the heat feedback rate is stronger.

= The porous medium allows operation at a lower eoflr temperature or
with a shorter evaporation section.

= Stable spray flames can be established both irgideon the downstream exit
surface of the combustion porous medium.

= The extinction equivalence ratio decreases witheerehse in effective gas
velocity through porous medium.

» The stable operating regime i.e., lowest equivaeratio the burner can
operate with, increases with Damkohler number.

= A nominal Damkdéhler number of 5.0 was required totiate interior
combustion mode.

= The radiation from porous medium surface decreas®sextinction is
approached.

= NO emission indices are insensitive to operatingampaters such as

equivalence ratio and the location of injector.

6.3 Practical Impacts

The porous burner concepts developed in this stodid be employed in gas turbine
combustors, air-heating systems, industrial burnposous chemical reactors, and
hybrid burners for bio-fuels. In lean premixed darstor gas turbines, when the

output power falls below 50% of the nominal valuastable combustion is likely to
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occur (MoRbauer et al., 1999). The use of poroadianm in such situations reduces
the fluctuations in turndown ratios, since the p@ranedium could provide a large

thermal storage.

Porous medium technology can be in heat reciraatburners. Since the
combustion heat is fed back upstream, the inlattae#s can be preheated, and the
combustion performance can be improved. Porousumedlso finds applications in
radiant burners. In particular, where there iglmect contact of combustion products
and heating medium is required, use of porous nmediould effectively transfer the
heat via radiation. The porous media burner teldgyocan also be used in boilers,

oil refinery process heaters, and steam gener@farsal and Mahamad, 2006a).

Some materials, such as municipal waste and vdgetabderived fuels or coal-

derived synthetic gases usually contain low cdtorflues. With porous medium,
such fuels could be effectively burned becausertie¢ enthalpy could be augmented
due to upstream heat transfer. Further, porousumedurners are used in hydrogen

and synthetic gases production.

6.4 Recommendations for Further Study

This dissertation presented a comprehensive sti@d@yaporation enhancement and

combustion of liquid spray in porous media. Prasicsections in this chapter
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summarized the findings of this research. Theytald further be extended in the

following directions:

Experimental Work:

1.

Droplet residence time in porous media is an omgmt parameter in
evaporation enhancement. The length of evaporg@mous medium could
be varied to study the effects of droplet residetioge in evaporation
enhancement.

In this study, an air-blast atomizer was empioye inject liquid fuel.
However, other types of injectors such as presswid and effervescent (or
even no injector) could be used to generate diftespray pattern upstream of
evaporation porous medium.

The length of combustion porous media could bded to promote fuel
vapor-air mixing. Influence of different flame lmtons on heat feedback rate
to evaporation porous medium could be investigated.

Different types of porous media and fuels cdutdused and the Damkohler
number analysis could be developed into a more rgemeodel for flame
stability and extinction in porous media.

Due to the enhanced upstream heat transfers fwigh low calorific value
could be burned effectively using porous medium.owever, a detailed

investigation of this combustion phenomenon needxetconducted.
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Computational Work:

1. Droplets’ flow pattern inside the porous medigould be included in the
computational model. This would enable us to bettederstand droplet-
porous medium momentum and heat transfer.

2. Computational models for the combustion of lihgpray in porous medium

could also be developed and compared with expetahdata.
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Appendix A

Calibrations Charts

A.1 Calibration of Rotameter for Coflow Air

Make: Ametek, S & K Co.
Model: 4-HCFB
Float: 42-J
Air
Rotameteg Flowrate
Scale | (I/min)
3 105.87
4 132.12
5 160.70
6 188.64
7 216.91
8 243.34
9 270.94
10 302.17
11 328.83
12 354.38
13 381.62
14 408.66
450
400 -
350 -
£ 300 . y = 27.679x + 22.573
= R? = 0.9998
g 250 |
o
£ 200 -
I 150 -
< 100 -
50
0 : : : : : ; ;
0 2 4 6 8 10 12 14 16
Rotameter Scale
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A.2 Calibration of Rotameter for Atomizing Air

Make: Cole Parmer
Model: N044-40C
Float: Stainless steel
RotameterAir Flowrate)
Scale (I/min)
0 0.0
10 3.8
20 7.7
30 11.5
40 15.4
50 19.2
60 23.1
70 26.9
80 30.8
90 34.6
100 38.5
110 42.3
120 46.2
130 50.0
140 53.9
150 57.7
70
E 60 |
% 50
é “1 y=0.3848x
Z 30 R*=1
] 20
£
2 10 4
0 T T T T T T T
0 20 40 60 80 100 120 140 160
Rotameter Scale
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A.3 Calibration of Rotameter for Kerosene

Make: Omega
Model: FL-3802ST
Float: Stainless steel

RotameteFlow rate
scale |(ml/min)
20 1.24
30 1.76
40 2.37
50 2.93
60 3.62
70 4.27
80 5.24

90 5.8
100 6.87
110 7.41
120 8.66
130 9.58
140 11.26
12
10 -
8 |
6 - y = 0.0704x

R? = 0.9641

Kerosene flowrate, ml/min

0 20 40 60 80 100 120
Rotameter scale
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A.4 Calibration of Rotameter for n-Heptane

Ametek, S & K Co.
Lo-Flow SK-1/8-15-G5
Stainless steel

y = 6.2622x - 8.727
R? = 0.9927

Make:
Model:
Float:
Rotametd Flowrate
scale [(ml/min)
2 4.11
3 12
4 15.63
5 21.13
6 27.52
7 34.09
8 42.86
9 48.39
60
S 50 -
£
E 40 -
o
©
=§ 30
o
© 20
3
2 10
T
c
0
0

Rotameter scale
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A.5 Calibration of Rotameter for Methanol

Ametek, S & K Co.

ow SK-1/8-15-G5

Stainless steel

y = 5.4416x - 7.8318
R? = 0.9965

Make:
Model: Lo-Fl
Float:
Rotamete| Flowrate
scale |(ml/min)
2 3.43
3 8.75
4 14.08
5 18.75
6 23.81
7 30.00
8 36.81
40
£
£ 30
= |
g
©
; 20
o
210 -
©
<
()
= 0 ‘
0

Rotameter scale
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10



A.6 Calibration Chart for Radiometer Output

Radiometer Solar | Radiation
output | constant intensity
mv W/m?2
0 0 0

50 1.025 | 1386.825
100 2.1 2841.3
150 3.175 | 4295.77%
200 4.2 5682.6
250 5.25 7103.25
300 6.3 8523.9
350 7.375 | 9978.375
400 8.4 11365.2
450 9.45 | 12785.85
14000

E

E 12000

> 10000 -

(%))

§ 8000 -

= 6000 -

S y = 28.434x

= 4000 +

§ 2000 -

0 ‘
0 100 200

Radiometer Output, mVolt
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Appendix B
Sample Calculations

B.1 Stoichiometric Combustion Calculation

B.1.1 Kerosene

Stoichiometric

Kerosene is assumed to be a single-component fuel;gH,s.

combustion equation for kerosene-air combustiomrigen as follows:

CioHos +17.75(Q+3.76 N) - 12CQ + 11.5 HO + 66.74 N

F|  _  (12m2+23n0)

Al,... 1775x(32+376[28)

mass

0.06853

B.1.2 n-Heptane

CHi+11(Q+3.76 N) - 7CG+8H0 +41.36 N

F|  _  (7m2+160)

Al .. 11x(32+376028)

mass

0.06622

B.1.3 Methanoal

CHsOH + 1.5 (Q+3.76 N) - CO, + 2 HO + 41.36 N
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F| _ (i02+40+106) _

0.1554

A 15%(32+ 376[28)

mass

B.2 Calculation of Kerosene Spray Mass Flux

Equivalence ratio = 0.4; Location of injector = 2rh upstream of EPM
Density of kerosene = 0.78 g/ém

Radial location = 1 mm from the spray core

Sauter mean diameter = 24.2 microns

Droplet axial velocity = 15.353 m/s; RMS velocity6=926 m/s

Probe area = 0.00162 ém

Total droplet volume = 4.66 x fan?

Runtime =3.94 s

Volume flux = total volume / (probe area x run tjme
= 4.66 x 10/ (0.00162 x 3.94)
= 7.3x10° cn/cn?s

Mass flux = volume flux x liquid density

=5.69 x 10 g/ cnfs
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B.3 Calculation of Minimum Heat Feedback Rate for @mplete

Vaporization

Fuel = Kerosene

Location of injector = 6 cm upstream of EPM
Equivalence ratio = 0.5

Calculated combustion heat release = 5577.8 kW

Heat supplied to EPM for resistive heating to at@mplete vaporization = 25.17 W

Combustion heat feedback rate required to achiexglete vaporization
= Heat supplied to resistive heating / combustieat release
=25.17 x 100/ 5577.8

=045%

B.4 Determination of Extinction Equivalence Ratio

Fuel = Kerosene
Coflow air:  Rotameter scale — 4 units; Flowratel9.836 I/min;

Atomizing air: Rotameter scale — 10 units; Flowra# I/min

Total flowrate: 2063 cc/s; Porous medium surfaea: 16.3 ch
Coflow air velocity through porous medium: 126rb/s
Kerosene fuel flowrate just prior to extinction: tRimeter scale - 60 units

Flowrate — 4.224 ml/min
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Fuel/Air (actual): 0.0241

Extinction equivalence rate: 0.35

B.5 Calculation of Damkohler number

Distance between the leading edge of evaporatioougsamedium and injector gl =

5 cm; Effective gas velocity,y ~ =126.5 cm/s

Residence time,et;

_ d, +alt,
u

t

res

_ 5+3[254

res =99.8 ms
12€.5

Characteristic chemical time is calculated as:

tchem=£
SL

tyen =22 =20ms
1C
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B.6 Calculation of Emission Index

Fuel = Kerosene
dip =6cm
Equivalence ratio =0.545

CO: -430ppm; Mole fraction,eo - 0.00043
CO, -2.459%; Mole fraction, o> - 0.0245
NO -17.5ppm; Mole fraction,36 -1.75x 10

O, -17.2 %:; Mole fraction, ¥» -0.172

Number of carbon atoms per mole of fuel, x - 12

Molecular weight of CO -12
Molecular weight of fuel - 168
Emission index of COEI, = X, MW,

Xeo X co, MW/

0.00043 E].ZX 28
0.0004:+0.024% 16¢&

Emission index of COEl ., =

=0.034496 kg/kg of fuel or 34.5 g/kg of fuel
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B.7 Calculation of Pressure drop using Ergun Equatn

Pore diameter = 450m
Porosity = 0.87

Viscosity = 1.85 x 18 Ns/n?
Density = 1.1614 kg/fh
Gas velocity = 2 m/s

Ergun constants: #=150; K =1.75

Ergun equation is given below:

% — K1(1_5)2p~ U+ sz(l_e)uz

2.3 3
I dpe dpe

Ap _150(1- 087)*185M10~ - 1750116141 - 087) U2
| (450[[0‘6 )2 087 450[10°° [087?

4.24 x 10 N/m?*/m

1.1 cm of water (across a porous medium of 2rB4hickness)
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Appendix C
Uncertainty Calculations

C.1 Uncertainty Analysis

Uncertainties in experimental measurements welienattd using statistical theory
(Wheeler and Ganji, 1998). Uncertainty consistdwal parts: random or precision
error (P) and fixed or biased error (B). The stepolved in the calculation of

uncertainties are described below:
1. Determine the standard deviation of the sammigaining ‘n’ data points:

S, = /Z(:—_'f) (C.1)

2. Determine the standard deviation of the meafgl&svs:

S, (C.2)

Sx:
Jn

3. The precision error (P) is given by:

P=t_, 5 (C.3)

al2 X

The value oft,,is obtained from Student’s t-distribution table tbe given number

sample. The value @f/2 is 0.025 at 95% confidence level.

4. Determine the bias error in the measurement (B)
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5. Determine the overall uncertainty of the measiema, as follows:

w =+/P* +B? (C.4)
Measurement data are reportedxasw at 95% confidence.

Uncertainty in a variable R is computed by makingasurements of m different

variables: z, z, ....z,, as follows:

2 2 2
WR = a_RWZ + a_RWZ + ...+ a_RWZ (C5)
oz, * oz, oz,

C.2 Uncertainty in Sauter Mean Diameter of n-Heptae Spray
Fuel = n-Heptane; Heated coflow condition

Equivalence ratio = 0.3

Fuel = 6 ml/min

Measurement location:

Axial location = 2.5 cm upstream of evaporationqus medium entry surface

Radial = 1 mm from the spray core
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Data:

SMD,
Trials | microns
Trial 1 82
Trial 2 82.8
Trial 3 81.5
Trial 4 82.4
Trial 5 78.5
Average = 81.44 microns
Standard deviation = 1.71 microns

Standard deviation of mean = 0.8563

Uncertainty = 81.44 2.377

C.3 Uncertainty in Extinction Equivalence Ratio

Distance between injector and upstream surfacevapaation porous medium = 6

cm
Data:
Extinction

Sample Equivalence rate

Trial1  0.354

Trial2 0.295

Trial 3 0.354

Trial4 0.354

Trial 5 0.354

Trial6 0.354
Average = 0.344167
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Standard deviation

= 0.024087

Standard deviation of mean = 0.010772

Uncertainty =

0.344 0.028

C.4 Uncertainty in Pollutant Emission

Fuel = Kerosene

dp=6cm

Equivalence ratio = 0.545

Number of carbon atoms per mole of fuel, x - 12

Molecular weight of CO

-12
Molecular weight of fuel - 168
Trial [0) CO CO NO O
PPM % PPM %
1 590 2.4 22 17.3
2 440 2.4 23 17.3
3 280 2.5 18 17.1
4 366 2.5 16 17.1
5 332 2.5 14 17.2
6 572 2.4 12 17.3
Average 430 2.45 17.5 17.22
Standard deviation 128.1 0.06 4.37 0.1
Standard deviation
of mean 57.3 0.02 1.95 0.04
430+ 2.45+ 17.5+ | 17.22+
Uncertainty 147.3 0.06 5.02 0.11
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Appendix D

Nomenclature

English Symbols

a
Cp

Cs

do

Ox

Absorption coefficient

Heat capacity (J/kg-K)

Heat capacity of the porous medium (J/kg-K)
Diameter (m)

Distance between the location of the injector l@ading surface of the
evaporation porous medium and (m)

Most probable droplet diameter (m)

Gravitational force acting along the x directio¥) (
Convective heat transfer coefficient (W)

Latent heat (J/kQ)

Volumetric convective heat transfer coefficient/(h¥-K)
Thermal conductivity (W/m-K)

Mass transfer coefficient (m/s)

Length of porous medium (m)

Mass (kg)

Mass flowrate (kg/s)

Refractive index

Static pressure (Nfn
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=l

wn!

ol

tchem

tres

cl

<l

Co
Co

Ci,d

Radial or transverse coordinate (m)
Position vector
Path length

Direction vector

Scattering direction vector

Time (s)

Characteristic chemical time (s)

Thickness of porous medium (m)

Spray residence time in evaporation section (s)
Axial component of velocity (m/s)

Radial component of velocity (m/s)

Half-width of the evaporation test section (m)
Axial coordinate (m)

Surface area (fn

Inertial Coefficient (1/m)

Drag Coefficient

Vapor concentration in bulk gas (kgmofjm
Diffusion coefficient of vapor (fis)

Damkohler number

Drag force (N)

Volumetric heat source supplied to the poroudiume (W)
Radiation intensity

Ergun constant 1
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Nu
Nuy
Oh

Pr

Qin

Re

Sc

St

Stp

1)

Ti

Ergun constant 2

Length of computational domain (m)

Molecular weight of f species (kg/kgmol)

Total number of species considered

Nusselt number

Volumetric Nusselt number

Ohnesorge number

Prandtl number

Volumetric heat input rate to simulate combustieat feedback (W/f
Radius of the computational domain (m)

Reynolds number

Swirl number

Schmidt number

Source term in the gas-phase momentum conserneguation due to the
presence of porous medium

Source term in the gas-phase momentum conseneqaetion due to droplet
momentum exchange

Source term of thd'ispecies in the species conservation equationaue t
droplet vaporization

Laminar flame speed

Source term in the continuity equation due to thbgaporization
Temperature (K)

Inlet temperature of the coflow air (K)
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U,u Gas velocity (m/s)
We  Weber number

Y,  Mass fraction of'f species
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Greek Symbols

a Permeability (1/rf)

B Coefficient of thermal expansion

0 Laminar flame thickness

At Time step in the liquid phase calculations
p Fluid density (kg/m)

ps  Density of the solid (kg/f)

€ Porosity

M Viscosity (Ns/rf)

@ Overall equivalence ratio

o Stefan-Boltzmann constant (5.6%20° W/m?*K*
Os Scattering coefficient

P Phase function

Q Solid angle
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Subscripts

d Droplet
eff Effective
f Fluid

g Gas-phase

p Pore

S Solid

t Turbulent

00 Bulk gas (i.e., coflow air)

Superscripts
- Mean quantity

Fluctuation quantity
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List of Abbreviations

CO Carbon monoxide

CO, Carbon dioxide

CPM Combustion porous medium
EPM Evaporation porous medium
HFR Heat feedback rate

NDIR Non-dispersive infrared

NO Nitric oxide

NOy Nitric oxide (NO + NQ)

O, Oxygen

OH Hydroxyl radical

LIF Laser induced fluorescence
PDPA Phase Doppler particle analyzer
PPCM Pores per centimeter

PPI Pores per inch

RSM Reynolds stress model
SMD Sauter mean diameter
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NUMERICAL MODELING OF EVAPORATION PROCESS IN POROUS
MEDIA FOR GAS TURBINE APPLICATIONS

Chendhil PeriasantySathish K. Sankara Chinthamdngnd S. R. Gollahafli
Combustion and Flame Dynamics Laboratory
School of Aerospace and Mechanical Engineering
The University of Oklahoma, Norman, OK-73019

ABSTRACT
fuel flow rate is increased from 0.24 to 0.48
A simplified numerical model for analyzing the mg/s. The increase in air inlet temperature is
evaporation processes in porous media for gafound to accelerate the evaporation process. At
turbine applications has been developedhigher air inlet temperatures (573 K), the fuel is
Evaporation of a pointwise-injected kerosenevaporized as soon as it gets injected.
spray in a carbon-carbon porous medium isEvaporation characteristics are not found to vary
considered. The computational model consistsnuch with porous medium geometry, as the
of a two-dimensional domain of dimensions porous medium is modeled as a momentum sink.
20.32x4.04 cm. A control-volume based Thermal effects of porous media are found to be
discretization method is adopted to solve themore dominant in this study.
governing equations. The porous medium offers
resistance to the flow of air-fuel mixture and is INTRODUCTION
modeled as a momentum sink. Non-Darcy flow
in porous medium is considered and the viscouspray combustion is a common method of
and inertial contributions are evaluated using aenergy production using liquid fuels and it is an
modified Ergun equation. The transient andimportant mode of combustion in gas turbines.
conduction flux terms in the energy equation areCurrent research on the gas turbines has been
modified to account for the heat transfer indirected to the development of the engines with
porous medium. Energy feedback from higher combustion efficiency and lower emission
combustion porous media is also simulated usindevel. Combustion in porous media (PM) is a
a source term. The effects of porous mediunpotential technique for reducing NOx and CO
temperature, fuel flow rate, air inlet temperatureemissions and improving the power density. It
and porous medium geometry on the evaporatioralso possesses several other advantages such as
of spray have been analyzed. For the size undezxtension of lean flammable limits, stable
consideration, a porous medium heat source obperation over a wide range of loads, and
642 W is required to achieve 97 % completeuniform mixing of fuel/air mixture. In the
evaporation for an air inlet temperature of 473 K.present study, a simplified computational model
The concentration of fuel vapor is found to befor analyzing the evaporation processes in
higher in the core region due to the nature ofporous media for gas turbine applications has
point injection. Simulations using different flow been described.
rate conditions show that a stronger heat source,
in turn higher energy feed back, is required toWeinberd showed that the recirculation of heat
attain complete vaporization. Approximately a energy from reaction zone to the unburned
62 % stronger heat source is required when the mixture offers a number of benefits such as
extension of lean flammability limits, increase in
Keywords: Porous media, Liquid fuel, reaction rate, burning of low-grade fuels etc.
Evaporation, Numerical modeling The burners designed based on this concept can
operate under locally higher enthalpy conditions

'Graduate Research Assistant, Student Membethan that of adiabatic ones. Such types of

AIAA combustion systems are termed as ‘excess
2Associate  Fellow AIAA, Lesch Centennial enthalpy flames’. Experimental investigations of
Chair Kotani and Takerfoproved that the insertion of a

Copyright © 2004 by S.R. Gollahalli. Publishedthg American Institute of Aeronautics and
Astronautics, Inc., with permission
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porous solid in the reaction zone makes the heahe implementation of porous medium
energy recirculate into the unburned mixture.combustion for gas turbine combustor
Subsequently, a variety of research and industriahpplications is still in its infancy.
porous burners have been developed and tested.
The current knowledge on the fluid mechanicsin gas turbine combustion systems, the pre-
and heat transfer aspects of porous medifum combustion events are very crucial and
helps us to measure the pressure drop, heamderstanding them helps simplifying the
transfer coefficient, and radiative properties ofcomplexities involved in the combustion
the porous medium. Quantification of such processes. Such physical processes can be
parameters in porous media has led thebroadly divided into two regimes, namely,
combustion engineers to develop compact anevaporation and mixing. Porous medium can be
efficient porous burners. In the past twoused to enhance evaporation and mixing, apart
decades, considerable amount of experimentalrom improving combustion characteristics. In
and numerical work has been carried out on thg@orous media combustion experiments, generally
combustion of gaseous fuels in porous mediatwo porous media are placed in the chamber, one
Recently, Lammers and de Gdeyhave (combustion porous media, CPM) in the reaction
conducted a numerical study on the flash back ofone, and the other (evaporation porous media,
the premixed flames, stabilized on the surface oEPM) in the upstream of the reaction zone. A
a ceramic burner. They have reported thetypical setup is shown in Fig. 1. CPM is heated
stability diagrams and flash-back regimes.during combustion and establishes a heat
Howell et al® and Viskantd have presented a feedback to EPM by radiation. The heated EPM
critical review of this subject. medium enhances the evaporation of liquid spray
injected onto it. Small-scale turbulence, which is
Combustion using liquid fuels has not beeninherent to the porous media, improves the
attempted until recently, owing to the belief that mixing. Since EPM is heated, it also preheats
the liquid fuel could plug the medium. But, the the vapor-air mixture and hence prepares
experimental study conducted by Kaplan anduniform flammable mixture for combustion.
Hall®® has not shown any evidence for this
phenomenon. They tested various designs of THEORY
heptane-fueled radiant burners to analyze the
stable operating ranges and measured thd&his section describes the governing equations
emissions. Stable combustion was achieved oveand solution procedure employed for the
the equivalence ratio range of 0.57-0.67. Theevaporation process in porous media. Equations
study reports that stability is primarily affected for porous media and droplet phase are added to
by the droplet size and the distance between ththe gas phase equations and the resultant
porous medium and nozzle. Combustion wasequations are solved.
complete and the emissions were found to be as
low as 3-7 ppm and 15-20 ppm for CO and NOxPermeability Model
respectively.  Later, Jugjaet al' supplied
kerosene fuel dropwise, using a syringe, in arPressure drop across the porous medium and the
effort to understand the evaporation mechanisnpermeability of the porous media are related by
inside the porous burner. The combustionflow rate, properties of the fluid, and the
characteristics were also obtained by measuringeometry of the mediuin Development of an
the temperature profile. The flame stabilizationanalytical equation for pressure drop is a
was achieved by inducting a stream of swirlingdaunting task because of the complex structure
air. Complete vaporization was reported. Theof the medium. However, semi-empirical
effects of equivalence ratio, optical thickness ofrelationships do exist in the literatéife At low
the porous medium and thermal input onflow rates, the pressure drop is proportional to
combustion characteristics were also determinedthe viscous forces and the flow obeys Darcy’s
HaacKk? studied the evaporation and combustionlaw. But under high flow rate conditions, the
of droplets in porous media numerically. Effectsinertial forces also contribute to the pressure
of radiative heat transfer have been describedirop and warrant the use of Forchheimer
with respect to single-droplet conditions andequation. Often, the pressure drop data at
flame speeds have been determined. Howevedifferent flow rates are obtained and least-square
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fits are made to fit the data in the following where G4 is the mass source term due to droplet

format: vaporization.
Momentum Equation
[LLIDEPY (1)
u
where A and B are correlation coefficients. %[ps \7)4_ 0 [ﬁp\j Qj -

In this work, the modified Ergun Equatibn )

shown below, is used to model the permeability —p+0 [é;)-"sfp +Spy
of the medium:

) where § andSy are the source terms caused by
Ap _ Ki(l-¢€)’n u+ K,p(l-¢) i @) porous media and droplet vaporization
L dSS‘?’ dpg‘?’ respectively.

where K and K are Ergun constants. The porous media source term depends on its

permeability of the medium to the fuel-air

Model Assumptions mixture and is given the following form:

In order to simplify the modeling process, the
following assumptions are made: Sy = _(E u+ Cleuzj (5)
a 2

(1) Local thermal equilibrium between the
porous mediur_n ar_ld .the liquid spray is In Equation 5, the first term represents the
assumed. This eliminates the need forpressure drop due to viscous force and the

solving t.wq energy equations. second one accounts for the inertial force. The
(2) No radiative heat transfer from the unknown quantities permeability and the inertial
porous medium is considered. coefficient are calculated from the modified

(3) Porous medium is modeled as aErgun equation (by comparing Equations 2 and
momentum sink. The effects of pore 5),
velocity are included in the source/sink
term and the governing equations are Energy Equation
written in terms of gas phase velocity.

(4) Effects of porous medium on Heat transfer in porous media region is modeled
turbulence generation or dissipation areby introducing a thermal inertia of solid region
neglected. on the medium (in the transient term) and by an

(5) Effects like film formation in the effective thermal conductivity in the conductive
porous medium and fuel pyrolysis are flux. The resultant energy equation is given
neglected. below:

Governing Equations

0 ~
E(Spf Ey +(1-e)psEq )+ D{v(ps E; +p))
Since liquid fuel is injected into a solid medium

in the presence of co-flow air, a set of multi- — ok ﬁDT_(Z h"]‘j +S,
phase governing equations is necessary to ¢ T P

completely represent the problem. Based on the (6)
assumptions stated, the governing equations can
be written as follows: Effective thermal conductivity, k is calculated
o ) as a volumetric average between solid and gas
Continuity Equation phases, as shown in Eq. 7.
_6((;8) +D[Ep Q]:smd 3) Keir =€Ks +(L-g)ks +K, (@)
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where k is the turbulent thermal conductivity, Vaporization:
which is calculated for non-porous regions as

c dT, dm
LI porous region, it is assumed to be Odep,dd—t(j:hAd(Tm _Td)+d_tdhfg (11)

i
and in non-porous regions, it is set to 1., iS

the interphase exchange source term due thl€at transfer coefficient is evaluated from Ranz
droplet vaporization. and Marshall type correlatiohis”

Species Conservation Mass transfer:

Species conservation for evaporated liquid canthe molar flux of droplet vapor into the
be given as: continuous phase (Nis evaluated as follows:

. N, =k (Cis-Ci.) (12)

%(P“:Yi )+0rpvy;)=-005 +S, (8) e

Mass transfer coefficient,.kis evaluated from
where $ is the contributions from dispersed NUsselt number correlatib™, which is given

phase. The present study deals with evaporatioHeIOW-
and mixing, and hence no reaction is considered,

only heat and mass transfe;\r are considered. Th§, = 20+ 06 Rel/2 53 = Kcdg (13)
diffusion flux of i" speciesJ, is calculated as, . ,m
for turbulent flows: The concentration of vapor at thg droplet surface
(Gigy is calculated by assuming the partial
pressure of vapor at the interface between droplet
f]iz-(p[)im +£)Dyi (9) and continuous phase is equal to the saturated
" Se vapor pressure. The reduction in mass is then

computed according to the following equation:
Droplet Heating and Vaporization

When the droplet temperature is lower than its
critical vaporization temperature (a numerical Droplet Boiling

property to trigger the vaporization process), heat

is transferred to the droplet from the hot\when the droplet reaches its boiling point, a

surroundings and the droplet is heatedconvective boiling rate equatibnshown below,
transiently. No mass is transferred from thejs applied.

droplet. If the droplet reaches the critical

vaporization temperature, mass transfer occurs
and the droplet size starts to decrease. Thiad(gtd) = 4k°°d [1+ 0-23\/Red]
process continues to occur until it reaches its PpCpep 15
boiling point or the volatile fraction is Cpeo (T = Tp) (15)
completely consumed. Inj1+ ——
fg

The heat transfer to the droplet during these
processes is given as: The boiling condition requires that the

continuous phase temperature be greater than the
Heating: droplet temperature. Also, the droplet

temperature remains fixed during boiling.

dTy _
MdCpa 5 = hA4(T., - Ty) (10)  Boundary Conditions

Air stream: Stoichiometric fuel-air mass ratio is
0.06798. An equivalence ratio of 0.68 and an air
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inlet velocity of 4.32 m/s were employed. The RESULTS AND DISCUSSION
inlet air was preheated to 473 K.

In this section, the results obtained using the
Droplet stream: Kerosene droplets (treated as aimplified numerical model are discussed.
single-component liquid of gH,3) were injected  Properties of the Porous Medium
at 20 m/s with a mass flow rate of 0.24 mg/s.
The droplet diameter was taken to be uniformThe porous medium properties are obtained from
(no variation in droplet diameter is considered)the manufacturers (ULTRAMET) catallfg
and equal to 5(um. Duration of injection was 1 The important physical properties are listed in
s. All the droplet properties were monitored atTable 1.
10 ms interval.

Grid Generation Table 1 Important physical properties of the
porous medium
A 2D rectangular geometry (shown in Fig. 2) of

size 0.0404 x 0.2032 m is considered for the Property Value
study. Cartesian type, rectangular, uniform gridPorosity (approx.) 0.87
with 10 points per centimeter is generated usingPore size, micrometers 190
a commercial grid generation cod8ambit Pores Per Centimeter 31.5
Shown in Fig. 3 is the computational grid Thermal conductivity at 200 1
employed in this study. C (W/m K)

Cp, J/kg-K 1422.6
Solution Procedure Bulk Density, kg/m 320

Governing differential equations are integrated

about each control volume. This process yields a&rid Sensitivity Analysis

set of algebraic equations that conserve a

guantity on a control-volume basis.  The Different grid sizes of 16x80, 32x160, 40x200,

resultant algebraic equations are then solvedi8x240, 64x320, and 80x400 were tested and the
numerically. Pressure and velocity coupling isvapor concentration profiles were obtained at an
achieved using SIMPLE algoritfn  axial distance of 0.19 m. The result is given in

Momentum, energy, turbulence and speciesFig. 4. Solutions obtained using the grid sizes
transport equations are discretized using theabove 40x200 were found to be insensitive to the
First-order upwind scheme. Temporal grid sizes employed. A grid size of 40x200 was

differencing is achieved by second-order implicit therefore used in this study.

method.

Droplet Transient Heating
Coupling Between Continuous and Discrete
Phases The raise in droplet temperature along the
centerline due to transient heating is shown in
When a particle stream passes through thesig. 5. The porous medium temperature and air
control volume, heat, mass, and momentuminlet temperature were 596 K and 473
exchange take place between the droplet streamespectively. It can be seen from Fig. 5 that the
and continuous phase. The exchange terms amroplets are heated to 470 K before they enter the
calculated by coupling the discrete phase angorous media. This heating is provided by the
continuous phase calculations. These appear gsgeheated co-flow air. However, this alone is not
source or sink terms in the continuous phasesufficient for complete vaporization. Additional
governing equations. energy input was supplied by porous medium
and the droplets were brought to their boiling
The  above-mentioned  calculations  for point.
continuous and discrete phases are performed
using a commercial solvé&iuent 6.0
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Effect of Porous Medium Temperature conditions. Various such conditions simulated in
this study are listed in Table 2. For an overall
In actual combustion experiments, the energyequivalence ratio of 0.68, the complete
feedback from combustion porous media heat®vaporation was achieved when a porous heat
the evaporation porous media. Since the presersource of 642 W was supplied. Fig. 10 shows
study deals with evaporation and does not modethe effect of heat source on percentage mass of
combustion, different temperatures for porousevaporation for different fuel flow rates. As the
medium are achieved by introducing an energyfuel flow rate increases, it is found that a
source term in the porous medium. Fig. 6 showsstronger heat source is required to completely
the temperature attained by the medium as aaporize the fuel. A heat source of 932 W was
function of heat source. In all the simulations, required to maintain the complete evaporation
air inlet temperature was held constant at 473 Kwhen the fuel flow rate was 0.48 mg/s. Under
The porous medium heat source was varied frontomplete evaporation conditions, the radial
40 to 642 W and accordingly the temperatureprofiles of vapor concentration at x=0.19 m for
achieved by the porous medium was betweenlifferent flow rates are shown in Fig. 11. When
480 K and 596 K. In all the cases, vaporthe equivalence ratio was increased from 0.68 to
concentration profiles were obtained at x=0.191.2, the peak vapor concentration was also
m. Fig. 7 shows the vapor concentration profilesincreased by 62 %. In practical combustors
as a function of normalized transverse distanceemploying porous medium, when the fuel flow
It can be seen that the vaporization increasesate increases, the power output will also
with increase in porous medium temperature.increase. This could result in higher energy
This is due to the thermal effects of the medium.feedback from combustion porous media, which
For a complete vaporization case (i.e. 97 % ofcompensates the need for higher heat source.
the injected fuel is vaporized and the rest atk sti
within the domain in liquid phase), the vapor Table 2 Test conditions for flow rate analysis
concentration profiles taken at x=0.08, 0.13,
0.15, and 0.19 m are shown in Fig. 8. This Air flow rate, Fuel flow Equivalence

shows that only about less than 5 % vaporization ka/s rate, mg/s  Ratio
takes place before the porous medium. The 0.005198 0.24 0.6766
vaporization increases considerably towards the 0.005854 0.36 0.9
exit of the porous medium (40 %) and attains 0.005854 0.48 1.2

complete vaporization before it leaves the
domain. It is also worth to note that the vapor is
concentrated at the core due to the nature Olfiffect of Inlet Air Temperature
point injection. However, it can be seen from
Figs. 7 and 8 that the vapors start to diffuse
radially.

In this case, the heat source strength supplied to
the porous medium was held constant and hence
he temperature of the medium was fixed at 595
. Air inlet temperature was varied from 373 K

0 573 K and kerosene vapor concentration

rofiles were obtained. The effect of air inlet

The effect of heat source strength on percen
mass evaporation is shown in Fig. 9. When
heat source of 41 W is supplied to the porous
medium, the_ maximum temperature re_ached ! emperature on the percentage evaporation is
481 K. In this situation, the droplet particles ar presented in Fig. 12 and the radial vapor
Deated up to 4.75 K. It is observed that only 7'Gconcentration profiles at x=0.19 m for different
% of the qupl'?d fuel evaporates pompletely. AinIet temperatures are given in Fig. 13. At 373
further raise in heat source Increases t.h , the droplets are found to be evaporating more
completeness of evaporation. When the suppheﬁin

i oo the porous medium than in the upstream
0,
heat. source is at 642 W, 97 % of the 'njeCtedsection. However, at higher air inlet
particles are evaporated.

temperatures, almost all the liquid is evaporated
even before entering the porous medium, since
the air temperature itself is sufficient to vaperiz

The flow rates of co-flow air and kerosene Werethe fuel.

varied in order to attain different operating

Effect of Fuel Flowrate
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Effect of Porous Medium Geometry kc
m
In this study, porosity and pore diameter arep
considered to represent the porous mediumu
geometry.  Two different simulations were A
performed. First, the porosity was varied fromC,
0.4 to 0.87 keeping the pore diameter constant aC; ,

Mass transfer coefficient (m/s)
Mass (kg)

Static pressure (Nfn

Axial velocity (m/s)

Surface area (M

Inertial Coefficient (1/m)

Vapor concentration in bulk gas

190 pm. Next, the pore diameter was varied (kgmol/nT)

from 190 to 45Qum while keeping the porosity Dj m

constant at 0.87. In both the cases, the
temperature of the medium was held constant af
595 K. The variations in vapor concentration

and percentage mass evaporation were found th

be not affected by the porous medium geometry.’ Wi

Diffusion coefficient of vapor (Afs)
p,v’

Total energy i——+—)

p 2

Length of porous medium gqm)
t

Molecular weight of T species

This could be due to the fact that this study great (Ka/kgmol)

the porous medium as a momentum sink and“®
mainly the thermal effects are modeled here. ¢
Various values of porosity and pore size 2hp
transform themselves into different values for_
resistance coefficients for the source/sink term.!
Inclusion of fluid dynamics aspects in the model

would make this issue much clearer. ijo
i

CONCLUSIONS

A simplified computational model has been @
developed in this study to analyze theP
evaporation process in a porous medium. Radiat
profiles of kerosene vapor concentration werelt
obtained at different axial locations. The effects=
of porous medium temperature, fuel flow rate,
inlet air temperature and the porous medium
geometry on vaporization were analyzed.
Thermal effects of porous medium was found to

Reynolds number

Schmidt number

Porous heat source (Win
Temperature (K)

Air inlet temperature (K)

Porous medium temperature (K)

Local temperature of the gas phase (K)
Mass fraction of ' species

Greek symbols

Permeability (1/rf)
Density (kg/m)
Porosity
Viscosity (Ns/m)

Stress tenson(CV+0v ") —% Ovl)

be more dominant in the evaporation processgypscripts

However, in order to predict more realistic
results, further research in this field is directed
the following areas: (1) accounting for the gf
radiation from the porous medium, which leadss
to local thermal non-equilibrium (2)
incorporation of more realistic porous models g
which includes turbulence generation inside the;

porous media. o
NOMENCLATURE

Cod Droplet heat capacity (J/kg-K)

d Diameter (m)

h Convective heat transfer coefficient
(W/m?-K)

hig Latent heat (J/kg)

k Thermal conductivity (W/m-K)
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ABSTRACT

The evaporation characteristics of an five different axial locations in the domain (0.08,
air-blast atomized kerosene spray in poroud).12, 0.13, 0.14, and 0.19 m from the nozzle)
media in a 2D-axisymmetric coflow environment were obtained. An increase in secondary air inlet
were studied numerically. A swirling primary temperature from 373 K to 473 K increased the
air stream with varying intensity was used to aidcompleteness of evaporation from 94% to 97%.
the atomization process. The effects of non-When the swirl number was increased from 0.14
Darcy flow in porous medium were modeled to 0.34, the peak vapor concentration was
using a modified form of Ergun equation. Local reduced by 31% and more vapor spread radially.
thermal equilibrium between the fluid mixture The porous medium temperature was found to be
and porous medium was assumed. Conductiva crucial factor in obtaining the complete
and transient heat flux terms in the energyvaporization of the spray.
equation were modified to include the effective
thermal conductivity and thermal inertia of the Key words: Porous media, evaporation, spray,
solid region respectively. The effective thermal and modeling.
conductivity was defined as the volumetric
average between solid and fluid media. First, the
temperature characteristics of the porousiNTRODUCTION
medium, arising from different source terms,
were obtained. Complete vaporization of Porous media combustion, one of many modern
kerosene was achieved when the maximunctombustion techniques, was developed mainly to
temperature of the porous medium was at 590 Kreduce the emission level and increase power
The effects of porous medium temperature,output of a combustor. If a porous solid is
primary air swirl number, fuel flow rate, and inserted in the flame zone, the product gas
secondary (coflow) air inlet temperature onenthalpy can be transferred upstream in turn,
vaporization were analyzed. For all casespreheating the fresh air-fuel mixture. This
kerosene vapor concentration profiles at concept is described by Weinberg [1,2] and

Takeno and his coworkers [3,4] and has been
researched extensively in the recent past.
* Graduate Research Assistant Various studies reveal that combustion in porous
# Fellow ASME, Lesch Centennial Chair media offers several benefits over open flames,
such as reduced pollution level, compact burner
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size, extended lean flammability limit, and will not be repeated for brevity. The porous
increased reaction rate. Review articles bymedia is represented as a source terghi(Sthe
Howell et al. [5] and Viskanta [6] and a book by gas-phase momentum equation. The source term
Kaviany [7] are worth to mention. However, is given by,
most of the studies considered gaseous
combustion [8-9].  Liquid fuel combustion u
constitutes a major portion in the power industry Sg = ‘(
and thus the application of porous combustion to
liquid fuels would lead to the potential ] S ] ) )
development of more efficient engines. where [ is the fluid viscosity,p is the fluid
density, v is the velocity componenty is the
Experimental studies on liquid fuel Permeability, and £is the inertial coefficient.
combustion in porous media were performed by
Kaplan and Hall [10] for heptane-fueled radiant The permeability and inertial coefficient in Eq. 1
burners. Flame stability was found to be mainlyare determined through a modified Ergun
affected by the droplet size and the distanceequation [13]. The inertial coefficient accounts
between the porous medium and nozzle. Stabléor non-Darcy flow in the porous medium.
combustion was achieved over an equivalencd&ffective thermal conductivity of the porous
ratio range of 0.57-0.67 and the emissions werdnedium is computed as a volumetric average
found to be as low as 3-7 ppm and 15-20 ppn*)etween the gas and solid medium. In the
for CO and NOx respective|y_ However, no porous region, the conductive heat flux is
detailed evaporation characteristics weremodified to include the effective thermal
reported. Jugjai et al. [11] conducted anconductivity and the transient term is modified to

experimenta| Study using kerosene in a porouéﬂdUde the thermal inertia of the solid. The
burner. The effects of equivalence ratio, opticalconvective heat transfer coefficient between the
thickness of the porous medium and thermalisolid and fluid is assumed to be infinite (i.e th
input on combustion characteristics were assumption of local thermal equilibrium).
reported. Haack [12] numerically studied the

evaporation and combustion of a single dropletAtomizer Model

in porous media. The effects of radiative heat

transfer from porous media on the evaporation The air-blast atomizer model employed

and combustion characteristics were analyzed. in this study is based on the Linearized
Instability Sheet Atomization (LISA) model of

In a previous paper [13], the authors Schmid_t et al. [14]._ This m_odel neglects the
have described a computational model for thenozzle internal details but relies on the external
evaporation of a point-wise injected kerosenespray characteristics. In this model, a primary
spray in porous media. In this paper, theswirling air stream is supplied though the nozzle
computational model has been extended to airalong with the liquid. The physical processes
blast atomized spray evaporation in porousthat convert the liquid into fully developed
media. The specific objectives are to study thedroplets can be thought of occurring in three
effect of primary air (atomizing) swirl on the stages: film formation, sheet breakup and
evaporation process and to obtain the Vapoatomlzatlon. Film formation is due to the

concentration profiles for different porous centrifugal action of the swirling air.  The liquid
medium temperatures, secondary air inletsheet breakup and formation of ligaments are due

temperatures, and fuel flow rates. to the growth of long waves. Further breakup of
ligaments results in droplets, which is called the
atomization. Complete description about the

MODEL FORMULATION LISA model can be found in Ref. 14. The most
probable diameter (J is related to ligament

A 2D-axisymmetric computational diameter (g as follows:

model is employed in this study and it is similar

to the one presented in Ref. 13. Model d, =d, (L+30h)/6 2)

assumptions, equations for permeability, and

governing equations can be found in Ref. 13 and

1
Evi +C2§P|Vi|Vij (1)
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In Eq. 2, the Ohnesorge number (Oh) is definedSolution Methodology

as vVWe/Re, where We and Re are the liquid A fini | based luti
Weber and Reynolds numbers respectively. The Inite-volume ase solution

. . d procedure [16] has been adopted in this work.
expression for swirl number (SN) of the primary The convective terms in the momentum, energy
air is given as follows [15]: ! '

turbulence and species transport equations were

_G—/Z () discretized using the Power-Law scheme and the
1-(G/2) pressure-velocity coupling was achieved using
the SIMPLE algorithm. The heat and mass

where G is the ratio between swirl velocity and transfer from evaporating droplets were included

axial velocity. via source and sink terms in the appropriate
governing equations. All the calculations were
Boundary Conditions performed using a commercial soFuent 6.0
Primary air stream: Air at 300 K was Since this model employs swirling flow,

supplied through the atomizer at various swirlSteady state calculations were performed first by
strengths. In all the cases, the axial velocityintroducing small swirl strength. Then the
component was held constant at 20 m/s and thdesired swirl number was achieved in steps,
swirl velocity component was varied to achieve ensuring convergence at all the steps. Then the
different swirl numbers. atomizer was turned on and unsteady
calculations were performed.

Secondary air stream: This was supplied
as a coflow stream and was preheated tdsrid Sensitivity Analysis
different temperatures (373 K-473 K).
Depending on the overall equivalence ratio of the Simulations  were performed for
mixture, the inlet air mass flow rate was fixed. different grid sizes of 16x80, 32x160, 40x200,
For instance, a mass flow rate of 5.85 mg/s wa#8x240, and 64x320 and kerosene vapor
used for an overall equivalence ratio of 0.6, andconcentration profiles were obtained at an axial
inlet temperature of 473 K. The stoichiometric location of 0.19 m. The result is presented in
fuel-air mass ratio is 0.068. Fig. 3. In all the cases, the qualitative trendswa

similar and the predicted peak concentration

Droplet stream: Kerosene was assumedvaried from 0.05% to 13.44%. Except the 16x80
to be a single-component liquid of#8,;. A 4  grid size, the solutions showed a clear grid
mm-diameter injector was used with the sprayindependency (<8% variation in peak
half angle of 1& The fuel flow rate was 0.24 concentration). So, striking a balance between
mg/s. The maximum relative velocity betweenthe total run time and accuracy, a grid size of
the atomizing air and liquid sheet was 80 m/s40x200 was chosen for further analysis.
and the sheet breakup and ligament constants
were 10 and 0.5 respectively.

RESULTS AND DISCUSSION
Grid Generation
The computational model described in
The physical geometry of the problem the previous section has been applied to the
under study and the typical grid used are showrevaporation of kerosene sprays. Detailed studies
in Figs. 1 and 2 respectively. The domain size i®n the effects of porous medium temperature on
20 x 2 cm. A grid size of 40x200 was selected.the vapor concentration profiles have been
A commercial grid generation co@@ambit,was performed. The effects of primary air swirl
used for this purpose. The atomizer was locateshumber, secondary air temperature, and fuel
at x=0 and the distance between the atomizer anffowrate were also analyzed. This section
porous media was 0.127 m. discusses the results obtained.
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Model Validation Effect of Porous Medium Temperature and
Discussion on Vapor Concentration Profiles
In order to quantitatively evaluate the

model and further rely on its predictions, a First, different porous medium heat
benchmark case was first simulated. Theinput rates were supplied and the temperature
experimental data collected by Runge et al. [17]characteristics were obtained. Fig. 7 shows the
for a pure n-heptane single droplet with an initial axial temperature variation as a function of heat
diameter of 48Qum, evaporating in air at 28  input rate. Recall that in this study local therma
(ambient speed: 1 m/s) was used for thisequilibrium is assumed and hence the
purpose. The temporal variation of droplettemperature attained by the gas is equal to that of
diameter was obtained and presented in Fig. 4olid phase. It can be seen from Fig. 7 that the
along with the experimental data and numericalpeak temperature reaches ~580 K when a heat
predictions of Runge et al. [17]. Droplet source of 780 W is supplied. Once the
diameter (D) was normalized by initial diameter temperature characteristics were obtained, the
(D0) and time (t) was normalized by the ratio of heat source was varied from 325 W to 732 W
square of initial droplet radius (R0O) and ambientand vapor concentration profiles were obtained.
kinematic viscosity\(). In Fig. 4, the symbols Figs. 8(a)-8(d) show the radial vapor
denote the experimental data [17], solid lineconcentration profiles taken at five different
denotes the numerical results [17] and the dashedaxial locations (x=0.08m, 0.12m, 0.13m, 0.14m,
line represents the present model. Although théd.19m) for four different heat sources. Though
present model slightly underpredicts the the evaporation starts to occur in the upstream of
experimental results, the diameter predictionsthe porous zone, significant evaporation takes
agree quite well with the numerical work. This place only in the porous region and thereafter.
trend also represents the standafdLBw. The When the heat source was increased from 325 W
validation of diameter predictions in turn to 732 W, the increase in peak vapor
validates the vapor concentration, owing to theconcentration was 20-30% between the upstream

fact that the droplet mass is conserved. and downstream of the porous zone (i.e.,
between x=0.08 m and 0.19 m). Also, in the
Droplet Heating and Size Distribution downstream of the porous zone, the vapors tend

to diffuse radially. Such distribution of vapor

After the droplets are released from the concentration in the domain is due to the
injector, they undergo three processes, namelgombined effects of air-blast atomization and
heating, evaporation, and boiling. Evaporation isinternal swirl air.  In addition, the porous
initiated as soon as the droplets reach a presé¢pedium, by itself can distribute the mixture
vaporization temperature (341 K) and continuesuniformly. But, the present computational model
until the boiling point (477 K). The droplet does not employ the pore-level details and
temperature distribution 30 ms after the injectionaccount for the droplet-solid interaction and thus
is presented in Fig. 5. No temperature variatiorthese effects are not explicitly seen.
within the droplet is considered in this work.
The temperature of the droplets attains a value of Figure 9 shows the radial vapor
433 K after 10 ms and finally reaches 477 Kconcentration profiles for different heat sources
after 20 ms. It should be noted that the dropletéit an axial location of x=0.19 m. The vapor
remain at 477 K while undergoing boiling. This distribution trend remains same for all the cases.
occurs in the porous media and gives rise tdHiowever, due to the stronger heat source, the
significant generation of vapor. Fig. 6 shows thepeak concentration increases by 7.6%. Fig. 10
droplet diameter distribution of particles in the shows the temporal evolution of vapor
domain 30 ms after the injection. Note that inconcentration profiles for a heat source of 732 W
both fig. 5 and 6, symbols are used to represen@nd at x=0.19 m. The droplets need some time
droplets and the respective field variable is usedo travel through the domain and establish a
in the contours. Fig. 6 suggests that the largerapor concentration pattern. This happens until
droplet particles are thrown away from the coreabout 30 ms after injection. During this period,
as the spray propagates. This is due to théhe vapor concentration is negligible. Then it
presence of swirling air, which provides both starts to build up. However, there is no uniform
axial and tangential momentum to the droplets. pattern followed. This could be due to the
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random distribution of droplets and each dropletEffect of Fuel Flowrate

attains steady evaporation at different time. Of

all the droplets injected, some droplets evaporate Two fuel flowrates of 0.358 mg/s and
completely before leaving the domain and the0.478 mg/s corresponding to overall equivalence
rest partially evaporate and escape the domaimatios of 0.9 and 1.2 respectively were used. The
with some unevaporated liquid. The summationsecondary air inlet temperature was 473 K and
of these two masses gives an indication ofprimary air swirl number was 0.2. The radial
completeness of evaporation. The percentaggapor concentration profiles are shown in Fig.
completion of vaporization is presented in Fig.14. The vapor distribution pattern remained
11 as a function of porous heat source. From theame for both the cases and however, higher
figure it can be seen that the percentagevapor concentrations were obtained for higher
completion increases, as the porous heat sourdow rates. Approximately 32% higher value

increases. was obtained for peak concentration for a fuel
flow rate of 0.478 mg/s. This conforms the fact
Effect of Swirl Number that the equivalence ratio was also increased by

33.33% when going from 0.9 to 1.2.
Swirl number of the primary air was

varied from 0.14 to 0.34 while holding the
porous medium heat source and secondary aiCONCLUSIONS
inlet temperature constant. The radial
concentration profiles at x=0.19 m were obtained In this paper, a computational model
and plotted in Fig. 12. As the swirl number capable of predicting the spray evaporation
increases, the peak value tends to lower and theharacteristics in porous media has been
flattening of the curve starts to occur. Itis thor described. The effects of porous medium
to mention that when the swirl number wastemperature, primary air swirl, secondary air
increased, the axial velocity component was heldnlet temperature, and fuel flow rate were
constant and the swirl velocity was increased.analyzed. When the heat source temperature was
As the swirl number increases, the droplets tendncreased, the increase in peak vapor
to spread more radially and results in theconcentration was 20-30% from porous upstream
lowering of peak vapor concentration. Theto downstream and 7.6% at x=0.19 m. The
observation from Fig. 6 shows that the smallerprimary air swirling spreads the droplets and
particles are present in the core region. Thighus the vapor more radially. The porous
means that the droplets at the core could havenedium temperature and hence the thermal
undergone evaporation. This is in goodeffects were found to be crucial factors in
gualitative accordance with vapor concentrationobtaining the complete vaporization of the spray.
profiles (e.g., Fig. 8), where the peak
concentration occurs in the core region and it
decreases radially towards the end.
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ABSTRACT

media varied from 473 K to 590 K. Axial

temperature profiles within the porous media

The situations such as
evaporation, and significant

rapid were obtained with equilibrium and non-
heat equilibrium models. Results indicated that the

generation/convective heat transfer, typicallyequilibrium models slightly underpredicted the

encountered in liquid-fueled porous mediapeak temperature.
combustors, warrant the use of local thermalmodels,
Knowledge of fuel concentration were obtained at different axial
important to locations and the results showed that the thermal
Ireffects of the porous medium dominated in the

non-equilibrium models.
vaporization and mixing is
understand the combustion characteristics.

this paper, a two-energy equation model isevaporation process.

Using non-equilibrium
radial profiles of kerosene vapor

Numerical results were

presented to account for the non-equilibriumalso compared with available data and the

between the solid and liquid phases.
approach, two energy equations for solid and gas
phases were solved. Kerosene fuel, issued from

In thisagreement was found to be good.

an air-blast atomizer, was injected on to a heatetNOMENCLATURE

porous medium. Governing equations were
applied on a 2-D axisymmetric, computational c
domain of 20.3 cm x 2.5 cm. Computer d,
simulations were conducted using a commerciah,
code Fluent 6.0. Heat transfer from combustion
porous medium was simulated by setting a
volumetric heat source in the porous region.k
Accordingly, the peak temperatures in porous p
v
Key words: Porous media, evaporation, local

thermal non-equilibrium, and two-energy E
equation model.
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Pr Prandtl number and mass fractions of methane ({Hcarbon

Re, Pore Reynolds number monoxide (CO), and carbon dioxide (gQvere
T Temperature (K) presented along the axial direction of the burner.
T Coflow air inlet temperature (K) Simulation results showed that the wave
propagation was affected by gas-phase
Greek symbols dispersion at equivalence ratios above 0.6.
Leonardi et al. [7] performed theoretical and
P Density (kg/m) experimental investigations on combustion in
€ Porosity submerged flame metal fiber burners/heaters.
0 Overall equivalence ratio Results showed that the exit gas temperature and
radiation efficiency of the burner increased,
Subscripts when the firing rate and equivalence ratio (0.9-
1.1) were increased. 2-D direct numerical
g Gas simulations and volume-averaged simulations
s Solid were carried out by Sahraoui and Kaviany [8] for
v Volumetric methane/air porous burners. They showed that

the conduction through the porous medium was
significant and influenced the flame structure

INTRODUCTION and flame speed. The flame speed increased as
the ratio of thermal conductivities of solid to gas

Combustion in porous media is a increased and it decreased as the porosity was

relatively new technique, which could potentially decreased. Rumminger et al. [9] predicted the
reduce the emissions of nitric oxide (NOx) and9as temperatures above a porous burner and
carbon monoxide (CO), while improving the compared them with experimental values.
combustion efficiency. It offers several Temperature measurements were obtained using
advantages such as extension of lean flammablan uncoated type-K thermocouple, OH-LIF, and
limits, stable burner operation over a wide rangelaser absorption techniques. Results indicated
of loads, and delivery of homogeneous fuel/airthat all of methane was consumed within the
mixture. Fuels with low-calorific values can also Porous medium at a firing rate of 315 kw/end

be burned effectively.  Attracted by these atan equivalence ratio of 0.9.

benefits, considerable amount of research [1-9]

has been done in the past decade to understand Alazmi and Vafai [10] presented a
the combustion characteristics of gaseous fuel§omprehensive analysis of various models used
in porous media. Howell et al. [3] and Viskanta for studying the transport processes through
[4] presented comprehensive reviews on thisPorous media. Models with constant porosity,
research area. The authors reviewed th&ariable porosity, thermal dispersion, local
correlations for estimating the heat transferthermal non-equilibrium were analyzed. Results
properties of porous media. CO and NOxshowed that the differences between constant
emissions and radiant thermal efficiency werePorosity and variable porosity models were
presented as functions of flame speed [3].negligible. Differences among the local thermal

Aspects of computational modeling were a|sonon-equilibrium_models were significant only in
highlighted. the entry region. However, the models

employing the dispersion effects showed

Bouma and de Goey [5] reported an different results depending on the inertia
experimental and numerical study on premixedParameter. Local thermal non-equilibrium
combustion on ceramic foam burners. Solid andnodels for heat transfer have been investigated
gas temperatures, and CO and NO emissionBY several researchers [11-13]. Nakayama and
were predicted and compared with experimentshis coworkers [11-12] developed correlations for
CO and NO concentrations were found tothe interfacial convective heat transfer
increase with an increase in thermal load.coefficient for two-energy equation models using
Henneke and Ellzey [6] modeled the filtration Volume-averaged form of energy equation for
combustion of methane in packed beds withsolid and gas phases. For one-dimensional
detailed chemical kinetics. Transient simulationsProblems, the equations were simplified to a
were performed and solid and gas temperatureg)urth order Ordinary differential equation. Fluid
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and solid temperature distributions in the porousbefore the flame front. Flame stabilization was
medium were predicted. A complete descriptionachieved at as low as an equivalence ratio of 0.3.
of heat and mass transfer phenomena in poroushey reported CO and NOx emissions of less
media can be found in Refs. 14 and 15. than 10 ppm and 15-20 ppm respectively.
Marbach and Agrawal [20] conducted
Combustion of liquid fuels in porous experiments on the combustion of kerosene in
media, however, has not received considerablénert porous media. Their results showed NOx
attention. Only a few studies [16-20] have beenand CO emissions of less than 30 ppm and 10
performed to wunderstand the combustionppm respectively. They also varied the length of
characteristics. Jugjai and Polmart [16]the mixing chamber and concluded that the
described a novel, down-flow, atomizer-freeinterior combustion mode was effective in
porous burner. Axial temperature profile in the prevaporizing the fuel. Although the above-
porous burner and emitter was measuredmentioned works describe the combustion
Effects of heat input, equivalence ratio, porouscharacteristics of liquid fuels in porous media,
bed height, and the distance between porousetailed studies on the enhancement of
burner and emitter on combustion characteristicevaporation due to the combustion heat feedback
were analyzed. Stable combustion was achievedre not reported.
at as low as an equivalence ratio of 0.2. NOx
emissions were lower than 160 ppm and CO In the past, we have reported
emissions were found to be dependent on theomputational studies on the evaporation of
operating conditions and porous bed emittedpoint-wise injected [21] and air-blast atomized
length. Kaplan and Hall [17] conducted an[22] kerosene spray in porous media using
experimental study using liquid fuels in porous equilibrium models. We have also presented an
media. Four different designs of heptane-fueledexperimental study [23] on this. The purpose of
radiant burners were tested to analyze the stabléhe present paper is to extend our computational
operating ranges and measure the emissiomodel to include the local thermal non-
characteristics. An air-blast atomizer was usecequilibrium between the gas and solid phases.
to atomize the fuel. Stable combustion wasThe specific objectives are to analyze the effects
achieved over the equivalence ratio range off local thermal non-equilibrium on evaporation
0.57-0.67. The study reported that burnercharacteristics.
stability was primarily affected by the droplet
size and the distance between the porous medium
and nozzle. The study did not show anyMODEL FORMULATION
evidence for plugging of the porous medium by
liquid fuels. Emission measurements indicated The present problem involves three
that combustion was complete and the emissionphases namely, the gas (air), liquid spray
were found to be as low as 3-7 ppm and 15-2(Qkerosene), and solid (porous medium). While
ppm for CO and NOXx respectively. the governing equations for gas and solid phases
were written in Eulerian frame, the liquid phase
Martynenko et al. [18] mathematically equations were presented in Lagrangian frame of
analyzed the one-dimensional, self-sustainingeference. Governing equations for momentum,
combustion in inert porous media with all modesand species conservation were similar to the ones
of heat transfer. Droplet collisions with porous presented in Ref. 21. Pressure drop in porous
medium were modeled using a collision medium due to viscous and inertial effects were
probability, which depended on particle Stokesincluded via a Forchheimer equation and the
number. Predicted axial profiles of solid, gas,permeability and inertia parameter were
and liquid temperatures, and mass fractions otalculated using the Ergun equation. The porous
liquid and vapor were presented. Tseng andnedium was modeled as sink in the momentum
Howell [19] investigated liquid fuel combustion conservation equations and the details are
in porous media numerically and experimentally.presented in Ref. 21. Governing equations for
Multi-step chemical kinetics for n-heptane wasliquid phase are also presented in Ref. 21.
included in the numerical code. The initial
droplet size did not affect the burning rate, since Local thermal non-equilibrium between
all the droplets were completely vaporizedthe gas and solid phases was modeled by solving
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two separate energy equations and coupling therBoundary Conditions
through a volumetric heat transfer coefficient.

The energy equations for fluid and solid phases Air stream: Coflow air was preheated to
are given below: different temperatures (373 K - 473 K). Coflow

air mass flow rate was 3.8 mg/s for an overall
Energy Equation for Gas Phase: equivalence ratio of 0.42 and an inlet

temperature of 450 K. A swirling primary air
stream at 300 K was also employed to promote
atomization. The stoichiometric fuel-air mass
ratio was 0.068. Nominal operating conditions
(1) are given in Table 1.

%(pEg)H] e, +p))=0 [Ekmg —(izhiJi j} h, (Ts - T,)

Energy Equation for Solid Phase: Droplet stream: Kerosene was assumed
to be a single-component liquid ofH,;. A 4

T, K, mm-diameter injector was used with the spray

=00 —=—0T, |+{Q, -, (T, ~T)}/-¢) pfayf angle of 18 The maximum relative

ot (L-¢)pscs . maximu ve
velocity between the atomizing air and liquid
sheet was 80 m/s and the sheet breakup and

2) . . .

ligament constants used in the atomizer model

were 5 and 0.2 respectively.

where @, is the volumetric heat input (WAnto
the porous media to simulate radiative heat
feedback from the flame zone. Note that in the

above equations, the terT.T,) appears as Table 1 Nominal operating conditions.

sink in solid phase equation and source in gas -
phase equation and the interfacial volumetr CEL Parameter Value  Units
convective heat transfer coefficient,Xhs used - —
to couple the two equations. The kvas L tCorow etur inlet 450 K
calculated from the Nusselt number correlatior 52 I\e/lmpe][Ia ure 6 of cofiow 3.8 ]
as follows (Wakao and Kaguei [15]): ' airass ow rate of cotlow . mgrs
3. Overall equivalence 0.42 -
— 06 03
Nu=2+11Re,” Pr 3) ratio
4, Porous medium heat 200 w
where the Reynolds number is defined based pn input
the pore diameter (490m). The properties of | 5. Porosity of the medium| 0.87 -

coflow were used in the calculation of Reynolds

and Prandtl numbers. Once the Nusselt number

was known, it was then converted into aGrid Generation and Solution Procedure
volumetric Nusselt number as follows:

The physical geometry considered for
NuV =Asfdp Nu (4) the analysis was of 2D axisymmetric type and is
presented in Fig. 1. A domain size of 20.3 cm x
. » 2.5 cm in the x and r direction respectively, was
where Ay is the specific surface areddy). The  qngidered. Cartesiatype, uniform grid of
volumetric heat transfer coefficient (units: W/m quadrilateral mesh elements with 10 points per
K) was then calculated as shown below enimeter was generated (after performing a
(Henneke and Elizey [6]): grid sensitivity analysis) using a commercial grid
generation code GAMBIT.

(®)

v d2 The governing equations  were
discretized wusing a finite-volume based
approach.  Unknown pressure field in the
momentum equations was determined by solving
the continuity equation iteratively, using a
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pressure-correction algorithm. Convective termscalculated and supplied as input to the present
in the governing equations were discretized bymodel. A heat flux of 1 W/fmwas applied and
Power law scheme. The entire process followghe transverse temperature profiles were obtained
the standard SIMPLE algorithm [24]. at different axial locations. The ratio between
Interactions of porous media with gas-phaseheat transfer coefficient and thermal conductivity
were programmed through a set of user-definedf the medium (h/k) used in this study was 10.27
functions.  Solutions were obtained using al/m. When normalized, the transverse
commercial code FLUENT 6.0. temperature profiles collapse into a single curve
and the results are shown in Fig. 3. The figure
Adiabatic wall outiet shows an excellent agreement with the analytical

Velocity ) results of Vafai and Kim [26].
InIet-:- _{2 5 o
1

Axis of symmetry 3
‘ 5.1cm 25cm 12.7cm R . Exp. - Runge et al.
Injector 0ok . Num.- Runge et al.
B v\, ----- Present Work
B AY
. . . . | N
Fig. 1 Physical domain considered for the os L N
present analysis. N§ ; N
Sor | T
MODEL VALIDATION 06 | AR
r N
In order to validate the model's 05k R\
’ - L 1 1 L \\ 1

predictions and have further confidence on the
results, two benchmark cases have been
simulated and compared with the results
available in the literature. First, the evaponmatio Fig. 2 Comparison of predicted droplet life time
of single droplet (liquid n-heptane) in quiescent with the experimental and numerical study of
environment (without porous media) was Runge et al. [25].

considered. Variation of droplet diameter as a
function of time (i.e., the droplet life time) was 1
captured and compared with those experimental
and numerical data obtained by Runge et al. [25].
The results are presented in Fig. 2. After a small
transient period, the results show a good
agreement between the present model's
predictions and the measured and computed data
of Runge et al. [25]. The difference during the
initial period could be due to a slight mismatch I \
between the experimental conditions and the I \

5 1
Non-dimensionalizeg Time

Vafai and Kim
Present Study

>0.5

present computational model.

of the square of dropl

et diameter with respect to

time is referred to as DLaw in the droplet

evaporation literature.

parameters are reliabl

The model validation

e and consistent.

Next, the predictions of porous medium
model were compared with the results obtainedRESULTS AND DISCUSSION

by Vafai and Kim [26].

They derived an exact

0

Such a variation r !

0

0.3

0.6 0.9
(Tw-<T>)/(qw/h)

15

Fig. 3 Validation of transverse temperature
study, thus, shows that the predictions of droplet profiles of the present model with the analytical
solutions of Vafai and Kim [26].

solution for forced convection in a channel filled Droplet Size and Temperature Distribution

with porous medium
flux.

porosity of 87 %,

for an applied wall heat

For a given Darcy number of 0.01, a
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distribution pattern in the porous media (due toduring vaporization. The temperature attained
heating) enables us to predict the vaporby the droplets depends on the surrounding air
concentration profiles downstream of the poroustemperature, which, in turn, depends on the
media. The results of droplet size andporous medium temperature and the
temperature distribution upstream of porouseffectiveness of the heat transfer between the
media are presented first, followed by theporous medium and coflow air. The
temperature distribution in porous media. phenomenon of heat transfer between the porous
medium and coflow air is explained in detail in
Droplet  size and temperature the subsequent sections. Figure 5 also suggests
distribution in the domain at 200 ms after that the radial variation of droplet temperature is
injection for a heat input of 200 W and a fuel negligible, due to the uniform radial temperature
flow rate of 0.11 mg/s are presented in Figs. 4distribution of coflow air. Note that the present
and 5 respectively. The small circles in thestudy assumes that the entire droplet is at a
figures represent the position of droplets; whileuniform temperature i.e., the temperature
the colored, contour variables denote eithervariation within the droplet is not considered.
Sauter mean diameter (Fig. 4) or temperature
(Fig.- 5). From Fig. 4, one can see that largetEffects of Local Thermal Non-Equilibrium
droplets are thrown out of the core region and
smaller droplets are retained in the core region. When combustion takes place in a
This scattering is due to the swirling action porous medium, the heat energy is recirculated
imparted to the atomizing air. The resultsupstream and the liquid spray is preheated.
predicted by the model are in qualitative Since the present study is focused on the
agreement with the experimental observations okvaporation aspects, the combustion heat
Sankara et al. [22]. In typical industrial air4tla feedback is simulated by a volumetric heat
atomizers, rotating vanes provided in the nozzlesource in the porous region. The heat source
impart a swirling motion to the atomizing air represents a fraction of heat feedback from the
stream, which, in turn, creates a swirling spray ofcombustion zone. Temperature attained by the
droplets (Reitz and Bracco [27]). Depending onporous medium, thus, depends on the strength of
the swirl strength, the droplet diameter and itsthe source term and the convective heat transfer
spatial location vary. to the coflow air. Simulations were performed
with different strengths of heat sources (50-400
From the droplet temperature W) by holding the air inlet temperature constant
distribution (Fig. 5), it can be seen that theat 450 K. The relationship between porous
temperature of the droplets continued to increasenedium temperature and heat source strength
from the inlet boundary. The temperature waswas determined and the effects of local thermal
below 450 K until the droplets reach 5 cm from non-equilibrium on the evaporation
the inlet. As the droplets moved further in the characteristics were analyzed from the results.
domain, the temperature was increased to 477 K
(boiling point) and it remained constant at 477 K
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Fig. 4 Droplet size distribution at 200 ms aftgeation (HS = 200 W, ;T= 450 K).
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Fig. 5 Droplet temperature distribution at 200 rfieranjection (HS = 200 W, = 450 K).

The steady state, centerline, axialinterfacial heat transfer coefficient is esserdigl
variation of porous medium temperature isit affects the effectiveness of the heat transfer
presented in Fig. 6 for different heat inputs at a(Alazmi and Vafai [10]).
fixed T; of 450 K. The porous medium
temperature increased axially and attained a peak 600
value closer to the exit of the porous medium. E
The peak temperatures corresponding to the
lowest (50 W) and highest (400 W) heat input
cases considered were 465 K and 570 K
respectively. This increase in temperature is one
of the crucial factors for evaporation
enhancement. Other important factors are the
porous medium structure and droplet size
distribution.  Using the two-energy equation
model, the axial variations of porous medium g
and gas-phase temperatures for a heat input of T Y Y E
200 W were predicted and the results are 02 ormalized Aial Location 04
presented in Fig. 7. As the coflow air flows
through the porous medium, its temperature Fig. 6 Relationship between the porous medium
increases due to the convective heat transfeheat source strength and temperature distribution
from the porous medium. This situation leads to (T; = 450 K,s = 0.87).

a decrease in the temperature difference between
the porous medium and coflow air, which lowers
the porous medium temperature, since the heat

575 |

K

a g a
o N ul
S o o
T T T

Solid Temperature,
S
~
(9]
T

N

al

o
T

N

N

(6]
T

source strength is held constant. 600
S Solid
A study assuming local thermal 3 i - Fluid
equilibrium between the porous medium and 550 F 2
coflow air was conducted to assess the 3 L
equilibrium and non-equilibrium models. Fig. 8 5 (as:phase Temperature

shows the results of the two cases. Comparison
of both the results yields that equilibrium models

Temperature, K
u
=)
S
T

underpredicted the peak temperature by 10 K at 450 |

the lowest heat input and 20 K at the highest I

input. In order to accurately predict the I

temperature distribution under rapid vaporization 400 e e
conditions (as in the present case), one should Normalized Axial Distance

use local thermal non-equilibrium models (Dual
et al. [13]). For local thermal non-equilibrium  Fig. 7 Axial variation of porous medium and
models, however, the proper selection of gas-phase temperature €450 K).
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530 — Non-Equilibrium Temporal evolution of vapor
Eo----- Equilibrium concentration profiles is given in Fig. 10.
Droplets need some time to travel through the
domain and establish a vapor concentration
pattern. This evolution process takes about 30
ms after injection and the vapor concentration is
negligible during this period. Vapor
concentration, then, starts to build up and
establishes a pattern at about 200 ms. The
L unsteady effects are negligible and unique vapor
0.35 04 concentration profiles could be seen beyond this
time. Present study conducts the unsteady
Fig. 8 Comparison of equilibrium model simulations upto 1000 ms in order to accurately
predictions with non-equilibrium models capture vapor concentration profiles.
(HS =200 W, T= 450 K).

Solid Temperature, K
I

N

hai

o
T

460 ;

0.3
Normalized Axial Location

450 b ¥
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Vapor Concentration Profiles g
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Radial vapor concentration profiles
obtained wusing non-equilibrium models at
different axial locations taken (at t = 1000 ms)
are presented in Fig. 9 for the conditions given in
Table 1. Peak vapor concentration upstream of g
and inside the porous medium is smaller; it 2000 | \
increases in the downstream of the porous \ o
medium. For the case studied, the peak vapor % 0.25 05 0.75 1
concentration at x = 10 cm was about 68 % Normalized Radial Location
higher than that of 1.3 cm upstream of porous Fig. 10 Temporal evolution of vapor
media. Figure 9 also indicates that the fuel vapor concentration profiles (x =12.7 cm, HS = 200
is concentrated at the core region and decreases W,T; = 450 K, = 0.42).
radially.  According to Fig. 4, the number
density of the droplets is higher at the core
region and decreases radially. Vapor CONCLUSIONS
concentration downstream of the porous
medium, hence, follows the droplet size A computational model, which accounts
distribution upstream of the porous medium. for local thermal non-equilibrium between gas

and liquid phases, has been developed in this
14000 ¢ study to predict the evaporation characteristics of
x= 3.8cm liquid spray in porous media. The effects of
local thermal non-equilibrium on vapor
x=15.2cm concentration were analyzed. Equilibrium
models  slightly underpredict the peak
temperature of the porous medium (10 K for a
heat input of 200 W, for instance) when
compared to local thermal non-equilibrium
models. Vapor concentration results show a
strong dependence on porous medium
Fo ‘ L temperature, which, in turn, depend on the
% 0.25 05 0.75 1 strength of the heat source and the effectiveness
Normalized Transverse Distance of heat transfer between porous medium and
Fig. 9 Vapor concentration profiles at different coflow air.
axial locations (HS = 200 W, E 450 K,
¢=0.42,t=1000 ms).
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Appendix H
Effect of Coflow Air Turbulence

In previous simulations, the turbulence effects toé coflow air stream were
neglected in the heat and mass transfer calcuabbdroplet stream with coflow air.
In this section, the effect of coflow air turbulents considered using the Nusselt
number (Nu) and Sherwood number (Sh) correlatiganieposed by Birouk and
Gokalp (2006) for droplet evaporation in turbulfiotv. The correlations are given

below:

Nu=A +BRey 2Prt/3(cy)" (H.1)

sh=A+BRe;/2sc’3(cy)" (H.2)

where Rg is the droplet Reynolds number ang i€ the turbulent coefficient. The
constants A and B, and the turbulence coefficiemtexpressed as follows, for 0.01 <

| <0.15 and 2 < Re < 1330000:

Heat Transfer:

Ct = 0.538+0.1807Y 2 + 0.328! (1 + 0.0405 ReX 2 (H.3)

A=20:; B=1; n=1.0
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where | is WU = 0.1. For the maximum droplet diameter consden this study (50
um) and the maximum coflow air velocity of 2 m/se ttiroplet Reynolds number is

estimated to be 3 and the (S 0.884.

Mass Transfer:

Ct =0.439+0.1807% 2 +0.234I (I + 005) Rel! 2 (H.4)

A=20:; B=1; n=1.0

where | is UU = 0.1. For the maximum droplet diameter consden this study (50
um) and the maximum coflow air velocity of 2 m/se ttiroplet Reynolds number is

estimated to be 3 and the S 0.703.

The FLUENT™s internal vaporization model was modified to indé the turbulence
effects via a set of user-defined functions. Fegit.1 presents the transverse
distribution of kerosene droplet diameter at 1.5 wpstream of evaporation porous
medium. The figure shows that the transverse dtapameter profiles predicted by
both the models follow similar trend and match welth experimental data. When
the turbulence effects were not considered, thpldraiameter was overpredicted by
30% at the centerline, and underpredicted by 18%hatspray edges. From the
droplet axial velocity profiles (Figure 4.34), eaisverse locations of r/R = 0.2 to 0.3,
the change in velocity is less than 5%. This sstgythe presence of the shear layer

between vaporizing fuel spray and the coflow airthis region. When the spray
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vaporizes, the turbulence levels are high in theasHayer. Hence, the droplet
diameter predictions match well with the experina¢iotata. Both at the spray core
and edges, the turbulence levels depend on thecturentration and local density.
This could lead to the differences in the preditdioof droplet diameter. Further,
surrounding the vaporizing droplet, usually the ilzan flow conditions exist even if

the droplets are moving in the turbulent flow field
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Figure H.1 Effect of coflow air turbulence on thartsverse droplet diameter profiles
of kerosene spray 1.5 cm upstream of the evaparpboous medium
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