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ABSTRACT 

 

Combustion of gaseous fuels in porous media improves combustion performance and 

reduces pollutant emissions by transferring combustion heat upstream via conduction 

and radiation to preheat reactants.  Such heat feedback may be beneficially exploited 

to enhance vaporization of a liquid sprayed upstream of the porous medium, in 

addition to improving combustion performance.  This dissertation presents an 

experimental and computational study of evaporation enhancement and combustion 

of liquid spray aided by porous media. 

 

Blocks of open-cell, silicon carbide coated, carbon-carbon ceramic foam of bulk cross 

section 4 x 4 cm and thickness of 2.5 cm were used as porous medium sections for 

liquid evaporation and subsequent combustion.  Liquid fuel (kerosene, n-heptane, and 

methanol) was sprayed into a co-flowing, preheated (350 - 490 K) air environment 

using an air-blast atomizer, and the spray subsequently entered the porous medium.  

In controlled evaporation studies, combustion heat feedback to evaporation porous 

medium was simulated with a resistive heating mechanism.  The minimum heat 

feedback rate required for complete vaporization of liquid and the vapor 

concentration profiles downstream of evaporation porous medium were measured.  

The stable operating regimes of spray flames in the combustion porous medium were 

determined and a general understanding of flame extinction in porous media was 

developed using a Damköhler number analysis. 

 



 xxi

A two-energy equation model was developed to study the evaporation enhancement 

of liquid spray in the porous media.  Combustion in the porous media was simulated 

by using a uniform volumetric heat source in the porous region.  The solid and gas 

phase equations were coupled using a volumetric heat transfer coefficient.  The 

computer simulations were performed with a commercial code, FluentTM 6.0. 

 

The results showed that the pressure drop across the porous media increased as the 

coflow air velocity, temperature, and linear pore density of the medium were 

increased.  The measured and predicted surface temperatures of evaporation and 

combustion porous media showed that the temperature distribution was uniform 

within ± 25 K and 50 K, respectively.  The droplet Sauter mean diameter data 

revealed that the spray core region contained droplets with lower diameter, and the 

droplet diameter increased radially outward.  A heat feedback rate to the evaporation 

porous medium section of about 1% of the average heat release in the combustion 

section was needed to completely vaporize the kerosene fuel.  The vapor 

concentration level downstream of evaporation porous medium with 1% combustion 

heat release feedback was 63% higher than that with no heat feedback. 

 

Stable spray flames were established both inside (referred to as interior flames) and 

on the downstream exit surface (surface flames) of the combustion porous medium.  

The equivalence ratio at flame extinction in each mode was determined.  The 

extinction equivalence ratio decreased with a decrease in coflow air velocity.  A 

nominal value of Damköhler number of 5.0 was required to initiate the interior 
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combustion mode.  As Damköhler number was increased, the extinction equivalence 

ratio decreased (i.e., extending the fuel lean operation).  The axial temperature 

profiles in evaporation and combustion porous media were measured.  Also measured 

were the radiative heat release from porous medium downstream exit surface, and 

pollutant emissions of carbon monoxide and nitric oxide.  The results demonstrate the 

benefits of porous medium in making NO emission somewhat insensitive to operating 

parameters such as equivalence ratio and location of injector. 

 

Our results also suggest that the use of porous media in combustors allows operation 

at a lower coflow air temperature or with a shorter evaporation section.  The porous-

medium-burner concepts developed in this dissertation can be employed in many 

practical liquid combustion systems such as gas turbine combustors, air-heating 

systems, industrial burners, porous chemical reactors, heat 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, furnaces, diesel engines and rocket 

engines are powered by the combustion of liquid fuels.  The combustion research 

community around the world has always been focusing on increasing combustion 

efficiency and reducing pollutant emissions of such combustion systems.  Exhaust gas 

recirculation, selective catalytic reduction, use of non-circular burners, and lean 

premixed combustion are some of the techniques that have been explored in the past 

to achieve these goals. 

 

Exhaust gas recirculation is employed in gasoline and diesel engines to reduce nitric 

oxide (NOx) emission by mixing some of the exhaust gases with engine intake 

charges (Abd-Alla, 2002).  Selective catalytic reduction employs a reductant and 

catalyst to reduce NOx emission (Ma et al., 2000), and is primarily used in power 

plants.  Non-circular burners also reduce certain pollutant emission from diffusion 

flames (Gollahalli et al., 1992; Smith et al., 2006).  Lean premixed combustion has 

been gaining more attention recently for reducing NOx in gas turbine engines (Huang 

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

 

Combustion in porous media is a relatively newer technique, which could potentially 

reduce the emissions of nitric oxide (NOx) and carbon monoxide (CO) while 
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improving the combustion efficiency.  In this method, the heat from combustion is 

fed back to preheat reactants without actually recirculating the combustion products.  

It offers several advantages, such as extension of lean flammable limits, stable burner 

operation over a wide range of loads, delivery of homogeneous fuel/air mixture, and 

capability to burn low-grade fuels. 

 

Significant amount of research has been done in the past to understand the 

combustion of gaseous fuels in porous media.  On the other hand, the application of 

porous media for liquid combustion is limited.  Implementation of porous media 

combustion concepts to liquid fuels would lead to the development of more efficient 

engines with lower pollution emissions.  In liquid-fueled combustion systems, the 

pre-combustion events (fuel evaporation and fuel-air mixing) are very crucial and 

understanding them helps simplifying the complexities involved in the combustion 

processes.  Porous media could be used to both enhance the liquid fuel evaporation 

and improve the combustion characteristics.  This dissertation deals with an 

experimental and numerical study of liquid spray evaporation and combustion in 

porous media. 

 

 

1.2 Excess Enthalpy Flames 

Combustion in porous media is based on the excess enthalpy flame concept.  

According to this concept, the thermal energy of the combustion products can be 

recirculated from the reaction zone to the upstream preflame zone by inserting a 
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porous medium in the former zone.  This recirculated heat energy is then used to 

preheat the fresh reactants.  Further, the heat feedback augments the initial enthalpy 

of reactants.  Such combustion produces local peak temperatures higher than the 

adiabatic flame temperature at a given equivalence ratio.  These flames are referred to 

as excess enthalpy flames or superadiabatic flames. 

 

Excess enthalpy concepts and different methods of recirculation of heat energy are 

described in Weinberg (1971) and Hardesty and Weinberg (1974).  Inserting a porous 

solid in the flame zone to recirculate the combustion heat was proposed by Takeno 

and his coworkers (Takeno and Sato, 1979; and Kotani and Takeno, 1982).  Using 

one-dimensional flame theory, Takeno and Sato (1979) showed that the flame could 

be sustained for higher mass flowrates by employing porous solids in the flame 

region.  They also showed that low heat content mixtures could be burned with 

increased combustion rate.  The study revealed that the flame structure could be 

controlled by the heat transfer coefficient between the solid and the gas.  The 

experimental investigations by Kotani and Takeno (1982) reported a leanest 

flammable equivalence ratio limit of 0.32 for methane flames and confirmed the 

theoretical findings of Takeno and Sato (1979).  Subsequently, considerable amount 

of research has been conducted and burners, primarily employing gaseous fuels, have 

been designed and tested.  However, implementation of porous media for liquid-

fueled systems has not yet been studied in detail. 
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1.3 Typical Porous Media Combustor Setup 

In porous media combustion experiments, generally two porous media are placed in 

the combustion chamber: one (combustion porous media, CPM) in the reaction zone, 

and the other (evaporation porous media, EPM) in the upstream region of the reaction 

zone.  A typical porous media setup is shown in Fig. 1.1.  CPM is heated during 

combustion and establishes a heat feedback to EPM by solid conduction and 

radiation.  The EPM is heated due to this heat feedback.  The heated EPM enhances 

the evaporation of liquid spray injected onto it by conduction and convection.  

Intricate flow path and complex structure, which are inherent to the porous media, 

improve the mixing of fuel vapors and air.  The heated EPM also preheats the vapor-

air mixture and hence prepares a homogeneous, flammable mixture for combustion.  

The various heat transfer modes in porous media and their interactions with 

combustion are presented in Fig. 1.2 (Viskanta, 1995; Barra and Ellzey, 2004). 
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Figure 1.1 Typical experimental arrangement of liquid fuel combustion                     
in porous media 
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Figure 1.2 Interactions among different heat transfer modes and                               
combustion in porous media 
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1.4 Literature Survey 

1.4.1 Flow through Porous Media 

Ergun (1952) studied the following factors that affect the pressure drop across a 

packed bed: (i) flow rate of the fluid, (ii) viscosity and density of the fluid, (iii) 

closeness (porosity) and orientation of packing, and (iv) size, shape, and surface area 

of the particles.  Based on the experimental data, an empirical correlation for pressure 

drop in packed beds was formulated.  The correlation could be used for a porous 

medium, if appropriate values were chosen for porosity and pore diameter. 

 

Macdonald et al. (1979) evaluated the applicability of eight different pressure drop 

correlations for porous media.  The results showed that the modified Ergun equation 

is applicable for a wide range of porosities 0.36 to 0.92.  From their study, a 

correlation for friction factor was also proposed.  Fand et al. (1987) experimentally 

studied different flow regimes in porous media of uniformly and randomly packed 

spheres.  Reynolds numbers that characterized the flow transition were determined. 

 

Civan and Evans (1996) determined permeability and the non-Darcy flow coefficient 

by solving a differential form of Forchheimer equation.  The effect of core length of 

porous media was also studied.  Civan and Evans (1998) compared the accuracy of 

pressure-squared and pseudopressure formulations of the Forchheimer equation. 

 

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

identifying the beginning of non-Darcy flow in porous media.  The number 
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represented the ratio of pressure drop due to liquid-solid interactions to that by 

viscous resistance.  Using the measured data on permeability and non-Darcy 

coefficient, the revised Forchheimer number was formulated. 

 

1.4.2 Heat Transfer in Porous Media 

Numerous investigations have been performed to understand heat transport in porous 

media.  This section presents only a brief review of literature that are relevant to the 

current work.  A more complete description of heat and mass transfer in porous media 

can be found in Wakao and Kaguei (1982), Kaviany (1995) and Vafai (2005). 

 

1.4.2.1 Characterization of Heat Transfer Properties 

Howell et al. (1996) reviewed correlations for estimating thermal conductivity, 

radiative coefficient, phase function, and convective heat transfer coefficient for 

partially stabilized zirconia (PSZ) based porous media.  Viskanta and coworkers 

(Younis and Viskanta, 1993; Fu et al., 1997; Fu et al., 1998; Mital et al., 1998) 

developed methods to characterize the heat transfer properties of porous media. 

 

Younis and Viskanta (1993) experimentally measured the volumetric heat transfer 

coefficients between air and highly porous ceramic foams of alumina and cordierite 

for different mean pore diameters.  They presented Nusselt number correlations over 

a range of Reynolds numbers and sample thickness-to-mean-pore-diameter ratios. 
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Fu et al. (1997) presented a theoretical model to predict volumetric radiative 

properties.  Results of extinction coefficients were compared with available 

experimental data.  Porosity, reflectivity of the porous solid and the number of pores 

per inch were the three main factors affected the radiation properties.  The extinction 

coefficient was found to decrease with an increase in reflectivity and/or porosity and 

increase with an increase in mean pore diameter. 

 

Fu et al. (1998) developed theoretical models based on unit cell method to predict 

stagnant effective thermal conductivity of cellular ceramics.  Results showed that the 

effective thermal conductivity was found to decrease with porosity.  Model 

predictions were also compared with the available experimental data.  Mital et al. 

(1998) described a procedure to measure the radiation efficiency (defined as the ratio 

between total radiative power emitted by the burner and the energy release rate) in 

radiant burners.  The authors reported that radiative efficiencies were in the range of 

20-35 %.  They also showed that efficiencies above 45 % were not realistic. 

 

Kamiuto and Yee (2005) developed a correlation for volumetric heat transfer 

coefficient between air and open-cell porous materials by compiling the experimental 

data of several researchers.  The authors also presented a Nusselt vs Reynolds number 

heat transfer correlation. 
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1.4.2.2 Conduction and Convection Heat Transfer 

Lee and Howell (1991) performed experimental and numerical studies on heat and 

mass transfer in highly porous media.  Permeability was measured experimentally and 

the overall heat transfer coefficient was calculated numerically.  Based on their 

experiments, they presented different correlations for Sherwood and Nusselt numbers. 

 

Alazmi and Vafai (2000) presented a comprehensive analysis of various models used 

for studying the transport processes through porous media.  Models with constant 

porosity, variable porosity, thermal dispersion, local thermal non-equilibrium were 

analyzed.  Results showed that the differences between constant porosity and variable 

porosity models were negligible.  Differences among the local thermal non-

equilibrium models were significant only in the entry region.  However, the models 

employing the dispersion effects showed different results depending on the inertia 

parameter. 

 

Local thermal non-equilibrium models have been investigated by Nakayama and 

coworkers (Kuwahara et al., 2001; and Nakayama et al., 2001).  Using a volume-

averaged form of energy equation for solid and gas phases, the authors reported a 

correlation for the interfacial convective heat transfer coefficient to couple the 

equations.  For one-dimensional problems, the equations were simplified to a fourth 

order ordinary differential equation.  Using the model, fluid and solid temperature 

distributions were predicted. 
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Oliveira and Kaviany (2001) summarized the processes leading to thermal and 

chemical nonequilibrium in gaseous fuel combustion in porous media.  Governing 

equations for phase change in porous media assuming local thermal non-equilibrium 

were derived by Dual et al. (2004) using volumetric averaging procedure.  Three 

closed form energy equations (solid, liquid, and vapor) were developed in their study.  

The effective transport properties were related to the pore-scale physics. 

 

1.4.3 Gaseous Fuel Combustion in Porous Media 

During the past two decades, several investigations on the interactions between the 

heat transfer and combustion in porous media have been conducted.  Viskanta (1995), 

Howell et al. (1996), and Kamal and Mohamad (2006a) presented comprehensive 

reviews on this topic.  The authors reviewed the correlations for estimating the heat 

transfer properties of porous media as applied to combustion conditions.  CO and 

NOx emissions and radiant thermal efficiency were presented as functions of flame 

speed (Howell et al., 1996).  This section presents a summary of some important 

investigations of gaseous combustion in porous media. 

 

1.4.3.1 Flame Stabilization 

Flame stabilization phenomenon in gas-fired porous burners has been studied by 

several investigators (Sathe et al., 1990a; and Sathe et al., 1990b; Lammers and de 

Goey, 2003; Barra et al., 2003; Mathis and Ellzey, 2003).  Tong and coworkers 

(Sathe et al., 1990a; and Sathe et al., 1990b) studied the flame stabilization and 

multimode heat transfer in porous radiant burners.  From their study, they concluded 
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that flame could be stabilized in the upstream half or near the downstream edge of the 

porous medium where the velocity profile exhibited positive slopes.  Both radiative 

properties and thermal conductivity of the solid influenced the flame speed and 

burner stability. 

 

Hsu et al. (1993) conducted experimental and numerical investigations on premixed 

gas (methane/air) combustion within porous media with different pore sizes.  Results 

demonstrated that the flame speed and burning rates were much higher than those of 

an adiabatic laminar free flame.  2-D direct numerical simulations and volume-

averaged simulations were carried out by Sahraoui and Kaviany (1994) for 

methane/air porous burners.  Discrete solid-phase simulations showed that for ks/kg 

=1, where ks and kg are the thermal conductivities of solid and gas, respectively the 

flame speed decreased as the porosity decreased.  When ks/kg was increased, the 

flame speed also increased with a decrease in porosity.  Continuous solid-phase 

simulations showed a higher flame speed than that of discrete solid-phase 

simulations. 

 

Lammers and de Goey (2003) have conducted a numerical study on the flash back of 

the premixed flames stabilized on the surface of a ceramic burner.  Stability diagrams 

and flash-back regimes were presented for flames stabilized inside and outside the 

burner in cold and hot environments.  Results indicated that the volumetric heat 

transfer coefficient and effective material conductivity influenced the flash-back 

limits. 
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Barra et al. (2003) presented a one-dimensional numerical study in a two-section 

porous burner to understand the effects of materials properties on flame stabilization.  

The flame was stabilized at the interface between the two sections.  Results showed 

that materials with low conductivity, small heat transfer coefficients, and large 

radiative extinction coefficients were desired for upstream section.  For downstream 

section of the burner, high conductivity and large heat transfer coefficients were 

necessary to enhance the heat transfer.  Mathis and Ellzey (2003) conducted an 

experimental study to measure the flame stabilization, operating range, and CO/NOx 

emissions for two different methane-fueled porous burners.  Though the CO/NO 

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

different. 

 

Barra and Ellzey (2004) numerically studied the heat recirculation and heat transfer 

processes in methane-fired porous burners.  They defined nondimensional numbers 

such as flame speed ratio, heat recirculation efficiency, preheat conduction efficiency, 

preheat radiation efficiency, and output radiant efficiency in order to quantify the 

recirculation processes.  For each inlet condition, a stable velocity range was obtained 

(48 cm/s – 74 cm/s at an equivalence ratio of 0.65, for instance).  Flame speed ratio 

increased with an increase in equivalence ratio.  This enhancement in flame speed 

was due to both solid-to-solid radiation and solid conduction within the porous 

medium. At a low equivalence ratio of 0.55, conduction effects were dominant and 

radiation effects were negligible.  Radiation effects became important at a higher 

equivalence ratio of 0.9 where the conduction effects became less important. 
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1.4.3.2 Pollutant Emission 

Khanna et al. (1994) measured the emissions and radiation from a methane-fueled 

porous burner for different equivalence ratios and flow rates.  With an increase in 

equivalence ratio (φ = 0.6 to 0.87), NOx concentration increased from 5 ppm to 30 

ppm, CO emissions increased from 5 ppm to 120 ppm, and radiant thermal efficiency 

of the burner decreased. However, at a given equivalence ratio, NOx emissions 

remained almost constant and CO emissions were strongly dependent on the flame 

location. 

 

Ellzey and Goel (1995) presented the CO and NO emissions from a two-stage porous 

media burner with different methane-air mixture strengths.  By appropriately 

choosing the equivalence ratios for the two stages, typical values of NO and CO 

emissions ranged from 17-30 ppm and 10-75 ppm, respectively.  Results were also 

compared with single-stage burners and the authors concluded that the two-stage 

burners produced lower emissions than that of single-stage burners.  Bouma et al. 

(1995) conducted experimental and numerical investigations of the NO emissions 

from ceramic foam surface burners.  Computations included 25 reactions and 16 

species for methane oxidation and 52 reactions and 28 species for nitrogen chemistry.  

The slopes of NO emission profiles were higher in the flame zone and became almost 

constant thereafter.  NO emissions increased axially (above the surface of the burner) 

with an increase in thermal load.  The NO profiles were found to depend on the type 

of chemical mechanism used. 
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Henneke and Ellzey (1995) modeled the filtration combustion of methane in packed 

beds with detailed chemical kinetics.  Transient simulations were performed and the 

variations of solid and gas temperatures and mass fractions of methane (CH4), carbon 

monoxide (CO), and carbon dioxide (CO2) were presented along the axial direction of 

the burner.  Simulation results showed that the wave propagation was affected by gas-

phase dispersion at equivalence ratios above 0.6.  Rumminger et al. (1996) predicted 

the gas temperatures above a porous burner and compared them with experimental 

values.  Temperature measurements were obtained using an uncoated type-K 

thermocouple, OH-LIF, and laser absorption techniques.  Results indicated that all of 

methane was consumed within the porous medium at a firing rate of 315 kW/m2 and 

at an equivalence ratio of 0.9. 

 

Zhou and Pereira (1997) numerically studied the combustion and pollutant formation 

of methane/air flames with detailed chemical kinetics.  Effects of solid radiation, 

excess air ratio, and solid conductivity on NO and CO formation were analyzed.  

Results showed that the NO emissions decreased with an increase in solid 

conductivity.  Because of the radiative heat feedback, the flame could be stabilized at 

the interface between two ceramic blocks with different porosity.  Trimis et al. (1997) 

developed a combined porous media combustor and heat exchanger system with low 

emission and high energy density.  The new system occupied only 1/20 of the 

existing burners and had a power modulation of 1 to 20.  NOx emissions were 

significantly affected by excess air ratio and less affected by heat load. 
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Bouma and de Goey (1999) reported an experimental and numerical study on 

premixed combustion on ceramic foam burners.  Solid and gas temperatures, and CO 

and NO emissions were predicted and compared with experiments. CO and NO 

concentrations were found to increase with an increase in thermal load.  Leonardi et 

al. (2003) performed theoretical and experimental investigations of interior 

combustion of methane and air in metal fiber burners/heaters.  Results showed that 

the exit gas temperature and radiation efficiency of the burner increased when the 

firing rate and equivalence ratio were increased. 

 

Kamal and Mohamad (2006b) studied burner stability, pollutant emission, and 

radiation intensity of swirling methane-air gaseous combustion in porous media.  The 

burner sustained a lean equivalence ratio of 0.507 and yielded NOx and CO emissions 

of 0-1 and 50 ppm, respectively.  The swirl further increased the radiation intensity by 

50%. 

 

1.4.4 Spray Evaporation and Combustion 

Spray combustion has been an active field of research over the past half-century with 

a pioneering contribution by Spalding (1952).  Extensive reviews on spray 

evaporation and combustion are presented by Williams (1973), Law (1982), Faeth 

(1983), and Sirignano (1983).  Recently, advanced models for droplet heating and 

evaporation (Sazhin, 2005) and drop evaporation in turbulent flows (Birouk and 

Gökalp, 2006) are reviewed. 

 



 17

Rao and Lefebvre (1976) derived an empirical relationship for kerosene evaporation 

by considering the effects of air temperature and velocity, axial distance from the 

injector, fuel injection pressure, and atomizer flow number.  Banhawy and Whitelaw 

(1980) predicted the flow properties of a confined Kerosene-spray flame and 

compared with experimental measurements.  Radial profiles of temperature and axial 

velocities were plotted at different axial locations. 

 

Reitz and Bracco (1982) examined various atomization theories and reported 

experimental data obtained from fourteen different nozzles using five different 

liquids.  Roles of several phenomena such as cavitation, liquid viscosity, injection 

velocity, velocity profile rearrangement, aerodynamic surface wave growth, and 

liquid turbulence were analyzed.  Of these, the aerodynamic surface wave growth 

mechanism was able to explain the experimental results well.  Aggarwal et al. (1984) 

studied the vaporization behavior of single-component isolated droplets using 

different liquid-phase (D2 law, infinite conductivity, diffusion limit, and internal 

vortex circulation) and gas-phase models.  The authors recommended the simplified 

vortex model when the droplet Reynolds number based on relative velocity is high 

compared to unity. 

 

Presser et al. (1990) have analyzed the effects of physical and chemical effects of four 

different fuels on the structure of spray flames.  Droplet size and velocity distribution 

were presented.  The results showed that viscosity of the fuel had the largest influence 

in droplet mean size and velocity. 
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Card and Williams (1992) have presented two four-step reduced mechanisms 

(propane route and ethane route) for n-Heptane combustion from 22 starting 

mechanisms.  With these reduced mechanisms, the flame structure and extinction 

were studied using rate-ratio asymptotics. 

 

Runge et al. (1998) measured the diameter and temperature of decane, n-heptane, 

water, JP-4 and JP-8 droplets during evaporation.  JP-4 and JP-8 droplets showed an 

initial rapid vaporization as lighter fractions vaporized, followed by slower 

vaporization due to the vaporization of heavier components.  Schmidt et al. (1999) 

described an atomization model, based on linearized instability analysis for pressure-

swirl injectors.  This model primarily employed the knowledge on external spray 

characteristics.  Applicability of the model to predict Sauter mean diameter and spray 

penetration was demonstrated. 

 

Benaissa et al. (2002) modeled the evaporation of multi-component fuel blends such 

as JP-4 and Jet-A1.  Droplet diameter and temperature during evaporation were 

predicted.  It was found that during the initial phase of droplet evaporation forced 

convection caused the evaporation of lighter fractions.  After this short period, the 

droplet evaporation followed the classical D2-Law.  Widmann and Presser (2002) 

presented reference experimental data on methanol spray flames.  Spray 

characteristics such as droplet size, velocity, volume flux, and species concentration 

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

ethanol/argon/oxygen coflow laminar spray diffusion flames.  The authors reported 

the droplet size and axial and radial velocity components of the droplets.  Scaling and 

self-similar analysis of the flames revealed a momentum-controlled cold core and a 

buoyancy-controlled high temperature boundary layer. 

 

1.4.5 Liquid Fuel Combustion in Porous Media 

Haack (1993) numerically studied the evaporation and combustion of single Decane 

droplets in porous media.  Evaporation enhancement due to radiative heat transfer 

from combustion porous media was studied.  Radiation from porous medium 

increased the vaporization rate and droplets deviated from the standard D2-Law.  

Flame speeds of premixed Decane flames in porous media were found to be at least 

twice higher than that of the free flames. 

 

Kaplan and Hall (1995) conducted an experimental study using liquid fuels in porous 

media.  Four different designs of heptane-fueled radiant burners were tested to 

analyze the stable operating ranges and measure the emission characteristics.  An air-

blast atomizer with a full cone spray pattern (spray angle of 60o) was used to inject 

the fuel.  Stable combustion was achieved over the equivalence ratio range of 0.57-

0.67.  The study reported that burner stability was primarily affected by the droplet 

size and the distance between the porous medium and nozzle.  The study did not show 

any evidence for plugging of the porous medium by liquid fuels.  Emission 
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measurements indicated that combustion was complete and the emissions were found 

to be as low as 3-7 ppm and 15-20 ppm for CO and NOx, respectively. 

 

Tseng and Howell (1996) investigated liquid fuel combustion in porous media 

numerically and experimentally.  Multi-step chemical kinetics for n-heptane was 

included in the numerical code.  The initial droplet size did not affect the burning 

rate, since all the droplets were completely vaporized before the flame front.  Flame 

stabilization was achieved as low as an equivalence ratio of 0.3.  They reported CO 

and NOx emissions of less than 10 ppm and 15-20 ppm, respectively. 

 

Martynenko et al. (1998) mathematically analyzed the one-dimensional, self-

sustaining combustion in inert porous media with all modes of heat transfer.  Droplet 

collisions with porous medium were modeled using a collision probability, which 

depended on particle Stokes number.  Predicted axial profiles of solid, gas, and liquid 

temperatures, and mass fractions of liquid and vapor were presented. 

 

Jugjai et al. (2002) studied the evaporation and combustion characteristics of a 

kerosene-fueled, atomizer-free burner.  The fuel was supplied drop-wise using a 

syringe.  Flame stabilization was achieved by inducting a stream of swirling air.  

Combustion characteristics were obtained by measuring the temperature profile.  

Complete vaporization with effective vapor preheating was reported.  Stable 

combustion was achieved at an equivalence ratio range of 0.37-0.55 at a thermal input 
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range of 2.62-3.49 kW.  The effects of equivalence ratio, optical thickness of the 

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

 

Park and Kaviany (2002) mathematically analyzed the characteristics of a diesel 

engine equipped with an in-cylinder porous regenerator.  Droplet evaporation and 

interactions with regenerator were included in the model.  Droplet-Regenerator 

interactions and air preheating due to upstream radiation enhanced the fuel 

evaporation.  Increased superadiabatic temperature further enhanced the evaporation 

and increased the peak pressure, which corresponded to an increase in efficiency.  A 

thermal efficiency of 53% was reported, while the efficiency of conventional Diesel 

engine was 43%. 

 

Jugjai and Polmart (2003) described a novel down-flow, atomizer-free porous burner.  

Axial temperature profile in the porous burner and emitter was measured.  Effects of 

heat input, equivalence ratio, porous bed height, and the distance between porous 

burner and emitter on combustion characteristics were analyzed.  Stable combustion 

was achieved as low as an equivalence ratio of 0.2.  NOx emissions were lower than 

160 ppm and CO emissions found to be dependent on the operating conditions and 

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

The aforementioned literature survey suggests that the amount of research that has 

been done on the combustion of liquid fuels, especially on the characterization of 

evaporation enhancement and its interactions with combustion is limited.  This 

dissertation seeks to advance the understanding of evaporation and combustion 

processes in porous media.  Both fundamental and applied studies have been 

conducted.  The following are the specific objectives of this research: 

 

� To quantify evaporation enhancement rate due to combustion in porous media 

� To measure minimum heat feedback rate required for complete vaporization 

� To delineate the effects of different fuels on evaporation enhancement 

� To develop a local thermal non-equilibrium computational model to predict 

evaporation characteristics of liquid spray in porous media 

� To predict vapor concentration distribution downstream of porous media 

� To conduct a detailed parametric study to understand the effects of heat 

feedback rate, porous medium structure, coflow air inlet temperature, and fuel 

flowrate on evaporation characteristics 

� To establish regimes of operation of surface and interior combustion spray 

flames 

� To study interactions between evaporation and combustion 

� To measure pollutant emission characteristics of interior combustion flames 
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1.6 Methodology 

A series of experimental and computational studies has been devised to meet the 

objectives stated in Section 1.5.  Evaporation experiments were first performed by 

simulating the combustion heat feedback rate using an electric resistive heating.  

Next, combustion experiments were performed to study the interactions between 

evaporation and combustion.  Computational simulations of evaporation enhancement 

have also been performed and compared with experimental measurements.  The 

methodology adopted in the study is outlined below: 

 

Evaporation Experiments in Simulated Combustion Environment: 

1. To measure droplet characteristics such as diameter, axial velocity, and mass 

flux upstream of the porous medium 

2. To measure vapor concentration profiles downstream of the porous medium 

3. To measure minimum heat feedback rate required for complete vaporization 

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

porous media 

 

Combustion Experiments: 

1. To determine stable operating regimes of surface and interior combustion of 

liquid fuels in porous media 

2. To study the interactions between evaporation and porous media 

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

1. To computationally investigate the evaporation and combustion of liquid 

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

 

 

1.7 Scope of the Present Work 

The present work is motivated by the need of a detailed study of evaporation 

enhancement and its interactions with combustion in porous media.  Three fuels and 

five porous media were chosen for this purpose.  In conjunction, a computational 

model was also employed.  Using measured and/or predicted data, a general 

understanding of evaporation and combustion has been developed. 

 

Evaporation enhancement was experimentally studied in a simulated combustion 

environment.  This simulated heat feedback was later replaced with direct burning of 

liquid fuels inside porous media.  Computational model solved for gas and solid 

phase temperatures in porous media.  Combustion heat feedback rate was modeled as 

a uniform volumetric heat source in the porous medium.  Further assumptions and 

restrictions of the computational model are given in Chapter 3. 

 

A physical model has been developed for the combustion of liquid fuels in porous 

media.  Using the model, the interactions between combustion and evaporation were 

explained.  Regimes of burner operation and emission characteristics were also 

determined. 
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1.8 Organization of the Dissertation 

This chapter presented an overview of evaporation enhancement and combustion in 

porous media.  A comprehensive literature review and specific objectives of the 

present work are also presented in this chapter.  Chapter 2 presents the experimental 

setup, procedure and instrumentation used in this study.  Description of the 

computational model is given in Chapter 3.  Experimental and computational results 

on evaporation enhancement in porous media are discussed in Chapter 4.  

Combustion of liquid fuels and its subsequent interactions with evaporation are 

presented in Chapter 5.  Conclusions and recommendations for further study are 

given in Chapter 6. 
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Chapter 2 

Experimental Details 

2.1 Introduction 

This chapter presents various experimental techniques employed to study evaporation 

enhancement and combustion in porous media.  The porous media burner setup and 

the different components of the experimental setup are discussed in detail.  The 

experimental arrangement for measuring various quantities is described.  The 

experimental procedure is outlined.  A brief description 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 University of Oklahoma Combustion and 

Flame Dynamics Laboratory.  A vertical steel test chamber of 76×76 cm cross section 

and 163 cm height was used to house the experimental setup.  The setup consisted of 

housing for evaporation and combustion porous media, rectangular glass test sections, 

fuel supply system, and coflow air preheating system.  A schematic of the combustion 

chamber and experimental setup is shown in Fig. 2.1a.  Three walls of the test 

chamber were fitted with Pyrex plate glass windows (25×135 cm) and the fourth wall 

was fitted with a slotted metal sheet to provide the access to the measurement probes.  

A base plate with a square opening of side 11 cm was fitted at the bottom of the test 



 27

chamber.  The porous medium housing sections were mounted on the base plate and 

the air settling chamber was located immediately below the base plate.  The top of the 

test chamber was open to atmosphere through an exhaust duct.  The ambient pressure 

inside the lab was maintained slightly above atmospheric pressure to ensure the 

presence of a positive draft inside the test chamber.  This prevented the leaking of 

products of combustion into the main laboratory facility.  The dimensions of the test 

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

photograph of the experimental setup is shown in Figure 2.1b. 

 

2.2.2 Test Porous Media 

Open-cell silicon carbide coated carbon-carbon matrix porous media of cross section 

4.3×4.3 cm and a height of 2.5 cm were used in this study.  Porous media with 

different pores per centimeter (PPCM) were used.  All porous media had a porosity of 

about 87%.  Figure 2.2 shows the photographs of 8 and 31 PPCM porous media used 

in the experiments.  Typical properties of porous media are listed in Table 2.2.  

Porous media with larger PPCM such as 25 and 31 were used as evaporation porous 

media (EPM) and the ones with smaller PPCM such as 8 and 12 were used as 

combustion porous media (CPM).  The EPM also acted as a 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-wide compressed air source.  It was 

filtered using a 0.1-micron filter and metered using a calibrated rotameter.  The 

calibration chart for the rotameter is presented in Appendix A.  Figure 2.3 shows the 

coflow air supply and heater setup.  The air was dried by passing it through a packed 

bed of calcium sulphate (desiccant).  A high throughput electrical heater (Model: 

Sylvania SUREHEAT 36,000) connected to a variable power supply unit and 

temperature controller was used to preheat and deliver high temperature air to the test 

section.  The heater allowed us to set the desired temperatures (up to 1000 K) of the 

output air.  The flow lines were wrapped with pipe insulation material to minimize 

the heat loss. 

 

2.3.2 Air Settling Chamber 

From the preheater, the hot air was admitted to an insulated aluminum settling 

chamber from its sides.  The settling chamber measured 10x10 cm cross section and 

10 cm height.  The chamber was filled with glass marbles of 5 cm diameter to attain a 

uniform flow at the exit.  Figure 2.4 shows the schematic diagram of the settling 

chamber.  Also shown in this figure is the fuel injector setup.  The injector setup is 

described in detail in the following section (Section 2.3.3).  To the bottom of the 

chamber, the fuel supply pipe was attached using a hub and boss arrangement and 

setscrew.  The injector protruded into the test section.  Further, it could be moved up 

and down inside the chamber and locked in position using the setscrew. 
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2.3.3 Fuel Supply System and Injector Arrangement 

Three fuels were used in the experiments: aviation-grade kerosene, n-heptane, and 

methanol.  Important properties of these fuels are listed in Table 2.3.  Figure 2.5a 

shows a schematic diagram of fuel supply system.  Each fuel was stored in a nitrogen-

pressurized tank, and was then drawn from the tank, metered using a calibrated 

rotameter (see Appendix A for calibration chart), and supplied to the injector.  A solid 

cone air-blast type injector was procured (Delavan Model No. 3060-1) and modified 

to fit into the present experimental setup.  Figure 2.5b shows a schematic diagram of 

the injector.  The injector was attached to one end of a cylindrical pipe.  The Figure 

2.4 shows the injector setup with the cylindrical pipe and air settling chamber.  The 

fuel and atomizing air were brought in as separate streams and admitted to the 

cylindrical pipe at its bottom using a Tee-connection.  While the fuel was supplied to 

the injector using a stainless steel tube located inside the cylindrical pipe, the 

atomizing air was supplied through the annulus region between the cylindrical pipe 

and stainless steel tube. 

 

2.3.4 Porous Media Housing 

The evaporation porous medium (EPM) was housed in an aluminum block of cross 

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

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

introduce the electrical wires to the electrodes attached to the EPM.  The porous 

medium was insulated from its housing using electrically non-conductive insulating 

material. 
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2.3.5 Test Section 

The following three test sections were used in the study. 

(i) Borosilicate glass test section 

(ii) Stainless steel test section 

(iii) High temperature glass test section 

 

Table 2.4 lists the location and purpose of these test sections in the experimental 

setup.  The test sections were of 5 x 5 cm inside cross-section and 25 cm height.  The 

thickness of borosilicate glass used in the test section was 4 mm.  Two test sections 

were installed on each side of the porous medium housing (upstream and 

downstream).  The injector protruded into the upstream test section.  This upstream 

test section also provided optical access to the spray-diagnostic instruments.  Figure 

2.7 presents the velocity profile, measured using pitot static tube, at the exit of the 

upstream test section.  The figure suggests that the flow at the exit of the test section 

is uniform within ± 4% of average velocity.  The small drop in the velocity at the 

center of the test section is due to the presence of the injector.  The downstream 

stainless steel test section provided access to sampling probes during vapor 

concentration measurements.  The evaporated fuel vapors were flared using a pilot 

flame at the exit of the downstream test section.  Stainless steel, porous disk flame 

arrestors were installed to prevent the propagation of the flame into the evaporation 

test section.  During the combustion experiments, the downstream glass test section 

was made up of a high-temperature Vycor® glass test section.  The properties of 

borosilicate and Vycor® glasses are presented in Table 2.5. 
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2.3.6 Porous Media Heating Setup 

For evaporation experiments, a resistive heating mechanism was installed to simulate 

heat feedback rate from combustion zone.  This enabled us to vary the heat feedback 

rate in a controlled manner.  Figure 2.8 shows a schematic diagram of porous medium 

heating setup.  Two copper plates were placed flush on opposite sides of the porous 

medium using an electrically-conductive high-temperature cement.  A DC power 

source was used to supply the required electric field across the copper plates i.e., 

transverse to the flow direction inside the porous medium.  The porous medium itself 

was used as the resistive element owing to its high electrical resistance.  Depending 

upon the desired heat feedback rate, the wattage output of the power source could be 

set.  An electrically non-conductive high temperature gasket 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) to flare the vapors during the evaporation 

experiments, and (ii) to initiate the combustion in the porous medium.  Figure 2.9 

shows a schematic diagram of the pilot flame setup.  A stainless steel tube of internal 

diameter of 2 mm was used as the burner and commercial quality liquefied petroleum 

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

Several conventional and optical instruments were used to study the evaporation and 

combustion in porous media.  A comprehensive list of the instruments and their 

purposes is given in Table 2.6.  A brief description of each instrument and operating 

procedure is presented below. 

 

2.4.1 Phase Doppler Particle Analyzer 

The droplet characteristics, upstream of the evaporation porous medium, were 

obtained in situ using a single-component Phase Doppler Particle Analyzer (PDPA).  

PDPA measures the droplet characteristics such as the Sauter mean diameter (SMD), 

liquid mass flux, particle number density and mean axial velocity.  In PDPA, two 

collimated laser beams are focused at the measurement location.  The droplets 

passing through this intersection scatter light and produce a far-field fringe pattern 

that moves past a set of three detectors at the Doppler-shifted frequency.  By 

measuring the spatial and temporal frequency of the fringe pattern, the droplet 

diameter and velocity can be measured.  Detailed information about the theory of 

operation of PDA instrument can be found in Goldstein (1996). 

 

A schematic diagram of the PDPA system is shown in Fig. 2.10.  The instrument had 

two major sets of optics (a) transmitting optics; (b) receiving optics.  These were 

mounted on separate three-dimensional traversing tables and placed on either side of 

the test section.  A helium-neon laser beam (wavelength = 632.8 nm) was used as the 

light source.  A manufacturer-supplied software (PDPA v3) was used to control the 
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beam spacing, set velocity offset, and collect Doppler signals. The instrument was 

configured for forward scattering mode to acquire the scattered signals from droplets.  

Major specifications of the instrument are provided in Table 2.7. 

 

2.4.2 Infrared Camera 

An infrared camera was used to obtain the image of the porous medium surface 

temperature during evaporation and combustion.  The instrument uses mercury-

cadmium-telluride detectors in a sealed, evacuated enclosure.  The detector is 

maintained at 77 K by liquid nitrogen for maximum thermal sensitivity and high 

spatial resolution.  A two-dimensional image of the surface temperature is achieved 

by horizontal and vertical scanning.  Specifications of the instrument are given in 

Table 2.8.  A gold plated mirror (96 % reflectivity in the wavelength range of 750 nm 

- 1500 nm) was placed above the glass test section containing the porous medium at 

an angle of 45o to the chamber axis to deflect the infrared radiation to the camera 

(Fig. 2.11). 

 

2.4.3 Minimum Heat Feedback Rate Measurements 

A helium-neon laser beam was expanded as a laser sheet using a cylindrical glass rod.  

The laser sheet was shined at a location downstream of the evaporation porous 

medium.  If the evaporation was not complete, some droplets would be present and 

scatter light.  In that case, the porous medium was externally heated till the 

vaporization was complete.  The external heating simulated the heat feedback rate 

during combustion.  The minimum heat feedback rate required for complete 
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vaporization could then be determined.  The definition and detailed measurement 

procedure of minimum heat feedback rate are presented in Section 4.5. 

 

2.4.4 Vapor Concentration Analyzer 

Vaporized fuel concentration downstream of the evaporation porous medium was 

measured using an organic vapor analyzer with a catalytic oxidation sensor.  A 

schematic diagram of the vapor concentration measurement setup is shown in Fig. 

2.12.  Vapor samples from the test section were drawn using a stainless steel probe 

with an internal diameter of 0.5 mm.  The probe and flow lines were heated using 

electrical heating tape to prevent any potential condensation of vapor.  The reaction 

chamber of the organic vapor analyzer was separated from the instrument and also 

held under heated environment. 

 

2.4.5 Temperature Measurement 

Temperature measurements were taken at the following locations in this study: 

(i) Coflow air temperature measurement and feedback control 

(ii) Temperature along the wall of the porous media 

(iii) Temperature inside the combustion porous medium 

(iv) Combustion gas temperature above the porous medium  

 

All temperature measurements were taken using K-type (Chromel-Alumel) and R-

type (Platinum-Platinum 13% Rhodium) thermocouples.  Two sets of thermocouples 

were made in-house.  Thermocouples with wire and bead diameters of 0.5 mm and 
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150 µm, respectively were used for coflow air temperature and combustion gas 

temperature measurements.  Porous media temperature measurements were taken 

with thermocouples of wire and bead diameters of 0.4 mm and 450 µm, respectively.  

The data collection procedure is explained in Section 2.6. 

 

2.4.6 Combustion Gas Analyzers 

The global emissions of CO, NO, and concentrations of CO2 and O2 were measured 

with a series of gas analyzers.  A schematic diagram of the combustion gas analysis 

setup is shown in Fig. 2.13.  Gas samples were collected using a Pyrex cone placed 

above porous medium.  The use of a cone ensures that the total combustion products 

are collected and well-mixed.  An uncooled quartz sampling probe with an internal 

diameter of 2 mm was placed at the top end of the cone.  Solid particulates and other 

sooty substances in the gas sample were filtered using a coarse (glass wool) and 0.1-

micron particulate filters.  The sample was also passed through a glass condenser 

placed in an ice bath.  A vacuum pump was used to draw the sample and the flowrate 

of the sample gas was monitored with a rotameter. 

 

Concentrations of CO and CO2 were measured using a non-dispersive infrared 

analyzer.  NO concentrations were measured using a Chemiluminescence NO-NO2-

NOx Analyzer.  Oxygen concentrations were measured with a Polarographic sensor.  

From the measurements, the global emission index was calculated as follows (Turns, 

2000, p. 554): 
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Emission index of species i, 
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where, 

X i - mole of fraction of the species of interest 

XCO - CO mole fraction 

XCO2 - CO2 mole fraction 

x - number of carbon atoms per mole of fuel  

MW i - molecular weight of the species of interest 

MW fuel - molecular weight of the fuel 

 

2.4.7 Pressure Drop and Velocity Measurements 

Pressure taps were made at two locations in the test section: 30 cm from upstream 

surface on each side of the evaporation porous medium.  The pressure drop across the 

porous medium was measured using a water-column U-tube manometer (Fig. 2.14).  

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

was connected to an electronic manometer to measure the local dynamic pressure.  

From the knowledge of local density, the local gas velocity was calculated using 

Bernoulli’s equation, as follows: 

 

Local velocity, 
( )

ρ
−= 12 PP2

v      (2.2) 

where, 

 P1 - static pressure 
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 P2 - stagnation pressure 

 ρ - local density 

 

2.4.8 Flame Radiation 

The radiation emission from flames was measured using a pyrheliometer.  The 

instrument has a sensitivity value of 28.4 W/m2/mV.  Data were averaged and 

corrected for background radiation.  The analog voltage output was converted into 

radiative heat flux using a calibration chart provided by the manufacturer.  From the 

radiative flux, the radiant heat fraction was calculated as follows (Bruzustowski et al., 

1975): 

 

Radiant heat fraction,  
f

2

LHVm

Rl4
F

&

π=      (2.3) 

 

where, 

l - distance between the flame and pyroheliometer 

R - radiative heat flux 

m&  - mass flowrate of fuel 

LHV f - lower heating value of fuel 

 

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

point source [inverse square law, Brzustowski et al. (1975)]. 
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2.5 Test Matrix 

Table 2.9 describes the various experiments performed.  All the experiments could be 

categorized as follows: 

(i) Evaporation experiments in porous media 

(ii) Combustion experiments in porous media 

 

 

2.6 Experimental Procedure 

The procedure adopted depends on the type of experiment and the specific parameters 

of interest.  While a detailed measurement procedure is presented later in the 

appropriate sections, a general procedure followed during the measurements is given 

below: 

 

Start up: 

� First, the coflow air preheater was turned on. 

� It took an average of 1½ hour to reach a steady temperature of 450 K in the 

test section. 

� The supply pressure of air was maintained constant throughout the 

experiments. 

� The flow rate of air was set to produce the desired velocity in the test section 

using a calibrated rotameter. 

� The liquid fuel tank was pressurized using compressed nitrogen. 
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� The propane pilot flame was ignited downstream of the porous medium. 

� The flow rate of liquid fuel was set at the desired value. 

� The flow rate of atomizing air was set to attain a steady spray. 

� Once the fuel was continuously supplied and the vapors started to burn, the 

propane pilot flame was turned off. 

 

Shutdown: 

� The propane pilot flame was again ignited downstream of the porous medium. 

� The liquid fuel flow was shut down. 

� The pilot flame was turned off after it completely burned off all the fuel 

vapors. 

� The fuel tank was depressurized. 

� The coflow air preheater was turned off and the air flow rate was continued 

until the heating elements were brought to room temperature. 

 

 

2.7 Data Management 

2.7.1 Data Acquisition System 

The data acquisition system consisted of National Instruments’ LabVIEW 7.1 data 

acquisition software, signal-conditioning device SCB-100 and a PC interface card 

PCI 3122-E.  SCB-100 both accepts and generates analog and digital signals.  The 

output data from the instruments were directly fed to this device, which were then 

transferred to a desktop computer via the PCI 3122-E interface card.  Figure 2.15 
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describes a typical setup of the data acquisition system.  The thermocouples (set up in 

the porous medium to study the temperature variation during combustion) were 

connected to SCB-100.  The analog voltage signals from the instruments, such as the 

electronic manometer and radiometer, were also connected to SCB-100.  Further, the 

SCB-100 device generated digital signals for controlling stepper motor. 

 

For spray diagnostics, a manufacturer-supplied software, PDPA v3 was used.  This 

software acquires and conditions the data.  Data were acquired for the entire 

conditions given in the test matrix.  The data were stored in a personal computer with 

appropriate naming conventions. 

 

2.7.2 Data Analysis and Integration 

The test matrix presents an overview of the experiments performed in this study.  The 

pressure drop measurements are used to obtain fluid mechanic characteristics such as 

viscous resistance and inertial coefficient of the porous medium.  Such results are 

useful in modeling of flow through porous media.  The temperature characteristics 

with simulated heat feedback rate (measured with thermocouple and IR camera) are 

essential to understand the temperature uniformity of the porous medium during 

combustion process. 

 

The spray diagnostic data such as velocity, droplet size, and mass flux of liquid fuel 

are used to establish initial conditions of the spray before entering the porous 

medium.  These data are used to determine the role of droplet size distribution during 
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evaporation and combustion in porous media.  The evaporation enhancement in 

porous medium could be understood with the knowledge of vapor concentration data 

and droplet characteristics upstream of the porous medium. 

 

The stability experiments provide the operating limits of combustion in porous media.  

Global emission measurements explain the pollution characteristics and the 

effectiveness of combustion in porous burners.  Numerical simulations are useful to 

predict evaporation and combustion processes in porous medium.  Such 

computational models are used to conduct parametric studies, which could provide 

immediate results over a range of test conditions.  Thus, the experimental and 

numerical results were used to understand the role of porous medium in the 

evaporation enhancement and combustion of liquid fuels. 

 

Appendix B shows a sample calculation of parameters involved in the evaporation 

enhancement and combustion in porous medium from measured data.  Uncertainties 

in experimental measurements were computed using statistical theory.  Appendix C 

presents a description of the uncertainty analysis and a sample uncertainty calculation 

procedure. 

 

 

2.8 Chapter Summary 

This chapter described the experimental setup used in studying the evaporation and 

combustion of liquid sprayed upstream of porous media.  Various instrumentation 
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used and procedure followed to collect the data were explained.  A brief description 

of data collection, analysis, and integration were also presented in this chapter. 
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Table 2.1 Combustion chamber dimensions and nominal ambient conditions 
 
 

Parameter Value 
Test chamber: 
 
Test chamber dimensions Cross section: 76×76 cm 

Height: 163 cm  
Pyrex glass plate window 25×135 cm 
Porous medium housing Cross section: 5×5 cm    

Height: 25 cm 
Porous media: (Manufacturer – Ultramet®) 
 
Pores per centimeter 31, 25, 18, 12, and 8 
Cross-section  4×4 cm 
Thickness 2.5 cm 
Porosity 87 % 
Ambient conditions (on a typical winter day): 
 
Ambient pressure 102 kPa 
Ambient temperature 21 oC 
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 40o 
Atomizing air flow rate 4-8 l/min 
Coflow air flow rate 75-195 l/min 
Coflow air velocity 1-3 m/s 
Fuel tank pressure 0.34 atm (gauge) 
Temperature of the secondary co-flow Cold-450 K 
Reynolds number (based on test section 
dimensions and coflow air velocity at 450 K) 

5600 
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Table 2.2 Typical properties of porous medium 
 
 

Property Value Units 
Bulk density 0.1-1.45 g/cm3 
Ligament density 3.2 g/cm3 
Surface area 0.08 m2/cm3 
Specific heat 0.34 cal/g/oC 
Maximum use 
temperature 

1700 oC 

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

8-31 - 

 
 
 
 

Table 2.3 Important properties of the fuels used in the study 
 
 

Property Kerosene (Jet A) n-Heptane Methanol 
Type Multi-component Paraffin Alcohol 
Chemical formula C12H23 C7H16 CH3OH 
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 
value (Higher), MJ/kg 

43.4 48 22.7 

Const. pressure heating 
value (Lower), MJ/kg 

42.8 44.6 20.1 

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

Experiment Upstream Downstream 
Spray diagnostics Borosilicate glass test 

section 
Borosilicate glass test 
section 

Minimum heat feedback Borosilicate glass test 
section 

Borosilicate glass test 
section 

Vapor concentration Borosilicate glass test 
section 

Stainless steel test 
section 

Combustion Borosilicate glass test 
section 

High temperature glass 
test section 

 
 
 
 

Table 2.5 Properties of Borosilicate and Vycor® glasses* 
 
 

Property Borosilicate Vycor® 
Density 2.23 2.18 g/cm3 
Strain point ~510 oC 890 °C 
Annealing point 560 oC 1020 °C 
Softening point 815 oC 1530 °C 
Thermal expansion (0-300° C) 3.3 x10-6 / oC 7.5 x 10-7/ °C 
Refractive index 1.474 1.458 
Continuous operating temperature 230 oC 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 

SLR 
Canon EOS Digital 

Rebel XT EF-
S 18-55 

Shutter speed: 
1/4000 – 30 s 

Flame imaging 

PDPA Light 
scattering 

Aerometrics 
(Now TSI Inc) 

XMT-1100-5 
RCV-2100-2 
MCB-7100-5 
DMS-4000-5 
PDPA v3.57 

Overall size 
range: 0.5 – 
3000 µm 

Velocity and 
diameter of 
droplets 

Infrared 
camera 

Infrared Inframetrics 600 -20 – 1000 oC 
[Extended] 

Surface 
temperature 

Vapor 
concentration 
analyzer 

Catalytic 
oxidation 

Bacharach 0023-7350 0 – 10,000 
ppm  

Vapor 
concentration 

Thermocouple K Omega   Temperature 
NO Analyzer Chemilumi-

nescence 
Thermo 
Environmental 

42H 0-5000 ppm NO 
concentration 

CO Analyzer NDIR Rosemont 
Analytical 

880 A  CO 
concentration 

CO2 Analyzer NDIR Rosemont 
Analytical 

880 A  CO2 
concentration 

O2 Analyzer Polaro-
graphic 

MSA MiniOX I 0-22% Oxygen 
concentration 

Manometer Electronic Datametrics Model 1174  Pressure 
Radiometer Pyr-

heliometer 
Hy-Cal  Wide angle 

(150°) 
Radiation 

Data-
acquisition 
Hardware 

 National 
Instruments 

SCB-100  Data 
acquisition 
interface 

Data 
acquisition 
Software 

 LabVIEW Version 7.0  Data 
acquisition 
Software 

Computers Pentium ΙV Dell   Computer 
Other instruments/devices: 
Pitot static tube, U-tube manometer, rotameters, traverse mechanism, sampling probes, and oscilloscope 
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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 µm 
Collection angle 30° reflecting 

particles 
 

Photomultiplier tube 
voltage 

450 – 550 V 

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 µm 
Diameter Maximum 100 µm 
Measurement Range 2.9 – 100.0 µm 

 
 
 
 

Table 2.8 Major specifications of infrared camera 
 

Parameter Value Units 
Distance between detector 
and mirror 

54 cm 

Filter Open – Extended - 
Background temperature 25 oC 
Emissivity 1.0 - 
Image averaging 16 Frames  
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Table 2.9 Test matrix 
 

 
 
 
 

Fuel PM 
Type 

Tcoflow Injector 
location 

Stabil
-ity 

Temper
-ature 

Emissi
-on 

Radia
-tion 

Veloci
-ty 

Kerosene 65-30 450 K 2 cm �     
   3-6 cm � �  �  �  �  
         

Kerosene 80-20 450 K 2 cm �     
   3-6 cm � �  �  �  �  
         

n-Heptane 65-30  2 cm �     
   3-6 � �  �  �  �  
         

n-Heptane 80-20  2 cm � �  �  �  �  
   3-6 � �  �  �  �  
         

Methanol 65-30  2 cm � �  �  �  �  
   3-6 � �  �  �  �  
         

Methanol 80-20  2 cm � �  �  �  �  
   3-6 � �  �  �  �  
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Figure 2.1a Schematic diagram of experimental setup 
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  1 – Air filter and 
        rotameter assembly 
  2 – Coflow air preheater 
  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 
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Figure 2.1b Photograph of the experimental setup (Shown here is a typical minimum 

heat feedback measurement experiment) 
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  (a) 25 PPCM     (b) 31 PPCM 
 

Figure 2.2 Photographs of the porous media used in experiments 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.3 Coflow air supply and heater setup 
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1 – Cold-air inlet 6 – Dessicant 
2 – Pressure guage 7 – Air heater 
3 – Filter  8 – Heating element 
4 – Flow divider 9 – Atomizing air 
5 – Rotameter  10 – Hot air outlet 
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Figure 2.4 Schematic diagram of settling chamber and injector setup 
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Figure 2.5a Schematic diagram of fuel supply system 
 

1

2

3 
4 

5 

To injector 

1 – Compressed nitrogen 
2 – Fuel tank 
3 – Needle valve 
4 – Fuel filter 
5 – Rotameter 
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Figure 2.5b Exploded view and the diagram of the DELAVAN air-blast atomizer 
 

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 
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Figure 2.6 Schematic diagram of porous medium housing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.7 Velocity profile at the exit of the upstream test section 
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Figure 2.8 Experimental arrangement for porous medium heating setup 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.9 Pilot flame setup 
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1 – Porous medium 
2 – Copper plate 
3 – Electrical wire 
4 – Variable DC power  
      supply 
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1 – Stand 
2 – Burner 
3 – Pilot flame 
4 – Flow control valve 
5 – Fuel hose 
6 – LPG tank 
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Figure 2.10 Schematic diagram of the PDPA system 
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Figure 2.11 Experimental setup for surface temperature imaging with IR camera 
 

1 – Gold-plated mirror 
2 – Evaporation porous 
      medium 
3 – Glass test section 
4 – Injector 
5 – Infrared camera 
6 – Controller 
7 – Output screen / TV 

2 

3 

4 

6 

7 

1 
5 



 59

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.12 Experimental setup for vapor concentration measurement 
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Figure 2.13 Schematic diagram of combustion gas composition analysis setup 
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1 – Porous medium 
2 – Funnel 
3 – Probe 
4 – Condenser 
5 – Filter 
6 – Gas pump 
7 – Rotameter 
8 – O2 analyzer 
9 – NO analyzer 
10 – CO2 analyzer 
11 – CO analyzer 
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Figure 2.14 Pressure drop measurement setup 
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1 – Coflow air settling 
      chamber 
2 – Pressure tap 
3 – Borosilicate glass 
      test Section 
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Figure 2.15 Typical setup of the data acquisition system 
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Chapter 3 

Computational Modeling 

3.1 Introduction 

This chapter presents computational models used in this study for the simulation of 

evaporation enhancement in porous media.  Governing equations and solution 

procedure are described.  Grid generation and boundary condition setup are also 

explained.  A comparison of model predictions with published data validating the 

model and solution scheme is also presented. 

 

 

3.2 Model Assumptions 

Modeling liquid fuel spray evaporation in porous media involves the phase change of 

a liquid under complex heat transfer and the subsequent mixing of vapors inside a 

solid medium.  The following assumptions are made in order to reduce the 

complexities involved in the problem: 

1. The computational domain is assumed to be symmetric about the injector axis. 

2. The heat feedback from the combustion zone is simulated by a volumetric 

heat source in the porous region (i.e., solid phase energy equation).  This 

allows us to simulate the combustion heat feedback in a controlled uncoupled 

manner. 

3. A single-component fuel (C12H23) was assumed for kerosene.  Multi-

component effects are primarily dominant when the vaporization takes place 
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at a low temperature.  The temperatures considered in this study are in the 

range of end boiling point temperatures of Kerosene.  At this temperature, the 

single component fuel assumption suffices for analyzing the vapor 

concentration. 

4. The porous medium is treated as inert, homogeneous, and isotropic and is 

assumed to have a constant porosity.  The simulations with an isotropic 

porous medium would serve as a baseline study for the anisotropic case.  

Since the porous medium employed in our study has a random pore matrix, 

this assumption is reasonable.  Further, modeling an anisotropic porous 

medium is computationally expensive. 

5. The flow effects of porous media are included as sink terms in the appropriate 

momentum conservation equations. 

6. The effects of the porous medium on turbulence generation or dissipation in 

the gas phase are neglected.  The porous medium does not render unimpeded 

eddies of arbitrary size to the fluid flow (as in the case of conventional 

turbulent flows), and hence, this assumption is justified (Nakayama, 1995). 

7. The direct interactions of droplets with porous media are neglected.  However, 

these interactions are included via the interactions of droplets with the coflow 

air stream, which interacts with porous medium. 

8. The hydrodynamic and thermal dispersion effects are not included.  These 

effects account for the spreading caused by the porous media in addition to the 

molecular and turbulent transport. 
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9. The effects like film formation and fuel pyrolysis inside the porous medium 

are neglected and further the fuel is assumed to be thermally stable.  Since the 

focus of the present study is on the evaporation characteristics, film formation 

and pyrolysis effects are neglected. 

 

 

3.3 Governing Equations 

The present study involves three phases: gas (air), liquid (fuel), and solid (porous 

medium).  The gas and solid phases are considered to be continuous and the 

governing equations are written in the Eulerian frame.  The liquid spray is assumed to 

be discrete and the governing equations are presented in a Lagrangian frame of 

reference.  For steady, 2D axisymmetric, variable-density, non-isothermal, non-

reacting, turbulent flows, the governing equations are given below (Kuo, 1986; Bird 

et al. 2002): 

 

3.3.1 Governing Equations for Gas and Solid Phases 

3.3.1.1 Overall Mass Conservation 

Overall mass conservation is given by, 

( ) mSvr
rr

1

x

u =
∂
∂+

∂
∂

       (3.1a) 

 

where Sm is the mass addition due to droplet vaporization.  All the symbols are 

identified in the Nomenclature presented in Appendix D.  The mass addition source 
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term is computed by examining the change in mass of each droplet as it passes 

through the control volume, as follows: 

0,d
0,d

d
m m

m

m
S &

∆
=        (3.1b) 

 

where ∆md is the change in mass of the droplet in the control volume (kg), md,0 is the 

initial mass of the droplet (kg), and 0,dm& 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 gas phase is given as 
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 for i = 1 .. N (3.2) 

 

where Si is the source term of the ith species arising from droplet vaporization.  For 

fuel vapors, this term is obtained from the discrete phase calculation of droplets 

(Equation 3.1b).  In this study, a constant value of 2.88 × 10-5 m2/s was used as the 

diffusion coefficient in Equation 3.2.  Note that by replacing the diffusion coefficient 

(Di,m) with proper dispersion tensor one could study dispersion of fuel vapors inside 

the porous media. 
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3.3.1.3 Gas-phase Momentum Conservation 

Gas-phase axial and radial momentum conservation equations are given below: 

Axial Momentum: 
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   (3.3a) 

 

where Sfd is the source terms arising from pressure drop due to droplet momentum 

interactions with continuous flow field.  The momentum exchange is computed by 

examining the change in momentum of a droplet as it passes through each control 

volume.  Hence Sfd is given by: 

 

( )( ) tmUuFS ddDfd ∆−=∑ &       (3.3b) 

 

where FD is drag force acting on the droplet, ud is the droplet velocity, and U is the 

gas phase velocity.  This is elaborated further in Section 3.3.2. 

 

Radial Momentum: 
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The source term Sfd 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 momentum conservation for the entire 

computational domain.  In this study, the porous medium occupies only a portion of 

the domain.  The gas velocity inside the porous medium is called the interstitial 

velocity.  The interstitial velocity is calculated by multiplying the bulk velocity by the 

reciprocal of the porosity of the medium.  Momentum equations outside the porous 

medium are based on the bulk velocity, and inside the porous medium, the 

momentum equations are applied to the interstitial velocity, which is calculated using 

the porosity.  Further, the effects of the porous medium are considered by including 

an additional pressure drop term (Sfp) in the gas-phase momentum equations. 

 

Calculation of Additional Pressure Drop due to Porous Medium: 

The additional pressure drops due to the presence of porous medium are modeled 

using a quadratic form of Forchheimer equation by considering the non-Darcy flow in 

porous media.  The following source term is added to the axial and radial momentum 

equations only in the porous region. 

 








 ρ+
α
µ−= UU

2

1
CUS 2fp      (3.5) 

 

If the Equation 3.5 is averaged over the entire porous medium region, the negative 

sign disappears.  Then, the permeability (α) and inertial coefficient (C2) in the 
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equation can be calculated using a modified form of Ergun equation (Ergun, 1952; 

Macdonald et al. 1979), which is shown below: 
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     (3.6a) 

 

Comparing the right-hand-side terms of Equations 3.5 and 3.6a, expressions for the 

permeability and inertial coefficient are obtained in terms of permeability and pore 

diameter, as follows: 
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From the knowledge of pore diameter and porosity, the permeability and inertial 

coefficient of the porous medium can be calculated using the Equations 3.6b and 3.6c.  

The values of pore diameter and porosity are obtained from Ultramet®.  Note that in 

Equations 3.6a-c, the K1 and K2 are Ergun constants.  Macdonald et al. (1979) 

presents the following range for these constants: K1 – 150 to 180 and K2 – 1.5 to 4.0.  

In the present study, K1 and K2 values of 180 and 4, respectively corresponding to the 

packed beds with roughest particles, are chosen.  With the Equations 3.6b and 3.6c, 

the additional pressure drop due to porous medium is calculated using Equation 3.4 
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and substituted in the appropriate gas-phase momentum conservation equation.  For a 

pore diameter of 490 µm and a porosity of 87%, the permeability (α) and inertial 

coefficient (C2) of the porous medium were calculated as 4.38 ×10-8 m2 and 3510 m-1, 

respectively. 

 

3.3.1.4 Turbulence Modeling 

Turbulent quantities arising from the averaging of instantaneous variables are 

modeled using the Reynolds Stress Model (RSM).  This model closes the Reynolds 

stress by solving five additional transport equations.  The RSM accounts for 

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

equations for Reynolds stresses, '
j

'
ivvρ  are given below: 
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where 

 σk = 0.82 
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G  (Buoyancy production) (3.8a) 

 w,ij2,ij1,ijij φ+φ+φ=φ  (Pressure strain)   (3.8b) 
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Here, φij,1 is the slow pressure-strain term, φij,2 is the rapid pressure-strain term, and 

φij,w is the wall-reflection term. 

 ( )jkm
'
m

'
iikm

'
m

'
jkij uuuu2F ε+εΩρ=      (3.8c)

 (Production by system rotation)  

 

Detailed information on the RSM is available in Launder and Spalding (1974).  Note 

that the turbulence effects in the porous media are not considered directly.  The above 

equations model the turbulence in the continuous flow field, which, in turn, affect the 

droplet. 

 

3.3.1.5 Energy Conservation Equations 

Situations such as rapid vaporization, heat generation, and convective heat transfer in 

porous media can often lead to local thermal non-equilibrium (Dual et al. 2004).  The 

present problem considers an air stream flowing at a different temperature than that of 

porous medium (where significant heat generation takes place due to combustion heat 

feedback).  In order to accurately model the evaporation process, one needs to 

account for local thermal non-equilibrium.  This is achieved by solving separate 

energy equations for the gas phase and the solid phase and coupling them with a 

volumetric heat transfer coefficient (Viskanta 1995; Howell et al. 1996; Barra et al. 

2003; Periasamy et al. 2004).  The gas phase and solid phase energy conservation 

equations are given as follows: 
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Gas-phase Energy Conservation: 
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          (3.9a) 

In the above equation, keff is the effective thermal conductivity as follows: 

t

tp
feff Pr

c
kk

µ
+=        (3.9b) 

 

where µt and Prt are the turbulent viscosity and turbulent Prandtl number, 

respectively.  The turbulent Prandtl number is set at 0.85, and the turbulent viscosity 

is calculated as shown below: 

 
ε

ρ=µ µ

2

t

k
C         (3.9c) 

 

Note that in the above equation Cµ is set at 0.09, k is the turbulent kinetic energy, and 

ε is the turbulent kinetic energy dissipation rate. 

 

Solid-phase Energy Conservation: 
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where Qin is the volumetric heat input rate (W/m3) to the porous media to simulate 

combustion heat feedback rate from the flame zone, and hv is the volumetric heat 

transfer coefficient (W/m3 K) between the porous medium and the coflow air.  Note 

that in the above equations, the term hv (Ts-Tg) appears as sink in solid phase equation 

and source in gas phase equation and hv is used to couple the two equations.  The 

interfacial volumetric convective heat transfer coefficient is calculated using the 

Nusselt number correlations, proposed for packed beds, as follows (Wakao and 

Kaguei, 1982, p. 293): 

 

3.06.0
p PrRe1.12Nu +=       (3.11a) 

 

where Rep is the Reynolds number based on the mean pore diameter of the porous 

medium (490 µm).  Once the Nusselt number is known, it is converted into a 

volumetric Nusselt number, as follows: 
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where Asf is the specific surface area (π/dp).  The volumetric heat transfer coefficient 

is then calculated as shown below (Henneke and Ellzey, 1995): 
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Evaporation enhancement in porous media was also studied using a local thermal 

equilibrium model with a point-wise injection scheme (See Appendix E). 

 

Radiative Transfer Equation: 

The radiative transfer equation for an absorbing, emitting, and scattering medium at 

position r
r

 in the direction s
r

 is 

 ∫
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 (3.13) 

 

Equation 3.13 is solved using the P-1 radiation model (Siegel and Howell, 2002).  In 

this model, the radiative transfer equation is transformed into a set of partial 

differential equations by using the method of spherical harmonics (Modest, 2003).  

The transport equation for incident radiation, G, is given below: 

 

 ( ) G4 STa4aGG =σ+−∇Γ⋅∇      (3.14) 

 

where the parameter Γ is  

 ( )( )ss Ca3

1

σ−σ+
=Γ       (3.15) 

 

Equation 3.14 is of type conserved scalar equation and can be solved by defining 

additional scalar in FLUENTTM to represent the incident radiation, G.  Once the 

incident radiation is computed, the radiative heat flux is calculated as follows: 
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 Gqr ∇Γ−=         (3.16) 

 

The term -∇qr is then included in the energy equation to account for the radiation. 

 

3.3.2 Governing Equations for Liquid Phase 

Governing equations for motion, heat transfer, and mass transfer of liquid phase are 

written in Lagrangian frame of reference.  Droplet trajectory is predicted by 

integrating the force balance on the droplet.  Droplet is allowed to begin vaporization 

upon reaching a preset vaporization temperature (a numerical property to trigger the 

vaporization process) and to completely vaporize at the boiling point. 

 

3.3.2.1 Droplet Motion 

The force balance on a moving droplet particle yields (Kuo, 1986, p. 578): 

 ( ) ( )
d

dx
dD

d g
uUF

dt

du

ρ
ρ−ρ

+−=      (3.17) 

 

Here, U is the fluid phase velocity, ud is the droplet velocity, ρ is the fluid density, ρd 

is the density of the droplet, and the term FD(U-ud) represents the drag force per unit 

mass of the droplet.  Since the droplets are moving at high velocities, the gravitational 

effects i.e., the second term in the right-hand-side of Equation 3.17 can be neglected.  

The drag force is calculated as follows: 
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where dd is the droplet diameter, Red is the relative Reynolds number, and CD is the 

drag coefficient, as given below: 
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In Equation 3.18c, a1, a2, and a3 are constants that apply for smooth particles over 

several ranges of Reynolds numbers (Morsi and Alexander, 1972). 

 

3.3.2.2 Droplet Heating 

When the droplet temperature is lower than the vaporization temperature, heat 

transferred to the droplet is merely used to increase the droplet temperature, 

according to the following equation.  No mass is transferred from the droplet. 

 

( )dd
d

d,pd TThA
dt

dT
cm −= ∞       (3.19a) 

 

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

correlations of Ranz and Marshall (1952a; 1952b). 
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     (3.19b) 

 

3.3.2.3 Droplet Vaporization 

If the droplet reaches the vaporization temperature, mass transfer occurs and the 

droplet size starts to decrease.  This process continues to occur until it reaches its 

boiling point or the volatile fraction is completely liberated.  The energy balance for a 

vaporizing droplet is given below: 

( ) fg
d

dd
d

d,pd h
dt

dm
TThA

dt

dT
cm +−= ∞     (3.20) 

 

The molar flux of droplet vapor into the continuous phase (Ni) is evaluated as 

follows: 

)CC(kN ,is,ici ∞−=        (3.21a) 

 

The concentration of vapor at the droplet surface (Ci,s) is calculated by assuming the 

partial pressure of vapor at the interface between droplet and continuous phase is 

equal to the saturated vapor pressure (psat).  Ci,∞ is the vapor concentration in the bulk 

gas.  The terms Ci,s and Ci,∞ are evaluated as shown below: 

 

d

dsat
s,i RT

)T(p
C =        (3.21b) 

d

op
i,i RT

p
XC =∞        (3.21c) 
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where R is the universal gas constant, Xi is the local bulk mole fraction of species i, 

and pop is the operating pressure. 

 

The mass transfer coefficient, kc, is evaluated from the Nusselt number correlation of 

Ranz and Marshall (1952a; 1952b), which is given below: 

 

m,i

dc3/12/1
d D

dk
ScRe6.00.2Nu =+=      (3.22) 

 

In this study, a constant value of 2.88 × 10-5 m2/s was used as the diffusion coefficient 

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

equation: 

 

tMAN)t(m)tt(m i,wdidd ∆−=∆+      (3.23) 

 

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

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

 

3.3.2.4 Droplet Boiling 

Once the boiling point of the droplets is reached, the droplets are allowed to undergo 

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

[ ]
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)d(d
  (3.24) 
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The boiling condition requires that the continuous phase temperature be greater than 

the droplet temperature.  The droplet temperature also remains fixed during boiling. 

 

3.3.2.5 Spray Model 

An air-blast atomizer model available in FLUENTTM is used to inject fuel into the 

computational domain.  The air-blast atomizer model is based on the Linearized 

Instability Sheet Atomization model of Schmidt et al. (1999). 

 

In this model, the fuel is injected through an orifice of known geometry.  A swirling 

air stream is also supplied along with the liquid.  The physical processes that convert 

the liquid into fully developed droplets occur in three stages: 

 (i) Film formation 

 (ii) Sheet breakup 

 (iii) Atomization 

 

A centrifugal motion is imparted to the liquid fuel inside the injector.  This creates an 

air core surrounded by a liquid film.  The thickness of the film is supplied as input.  

Additional air supplied past the liquid sheet causes it to disintegrate and form 

ligaments.  The breakup of liquid sheet and formation of ligaments are due to the 

growth of short waves.  Further breakup of ligaments results in droplets.  The 

maximum relative velocity between the sheet and air can also be specified to enable 

finer control of droplet size.  Additional input to this model are the spray half-angle, 

sheet constant and ligament constants. 
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The most probable diameter (do) is related to ligament diameter (dl) as follows: 

 [ ] 6/1
lo )Oh(31dd +=        (3.25) 

 

In Eq. 3.25, the Ohnesorge number (Oh) is defined as Re/We , where We  and Re 

are the liquid Weber and Reynolds numbers, respectively. 

 

Spray model was also been used in conjunction with a local thermal equilibrium 

model to study evaporation enhancement (See Appendix F).  Evaporation 

enhancement using a local thermal non-equilibrium model with an unsteady fuel 

spray is presented in Appendix G. 

 

 

3.4 Boundary and Initial Conditions 

Following are different boundaries that are considered in the study: 

 (i) Coflow air inlet 

 (ii) Side walls 

 (iii) Symmetric axis 

 (iv) Flow outlet 

 (v) Atomizing air inlet 

 (vi) Conditions for porous medium 
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Boundary conditions for flow, heat transfer, and species transport at all the 

boundaries are given in Table 3.1.  Droplet particles are injected through the air blast 

atomizer located at (0,0).  The initial conditions for droplets are listed in Table 3.2.  

Important physical properties of the porous medium are presented in Table 3.3.  

These properties were obtained from the manufacturer, Ultramet®. 

 

 

3.5 Grid Generation 

The physical geometry considered for the computational study is of 2D axisymmetric 

type.  A domain size of 2.5 cm x 20.3 cm in the r and x direction respectively, is 

considered.  Figure 3.1 presents such a physical geometry.  Cartesian type, uniform 

grid of quadrilateral mesh elements with 10 points per centimeter is generated using a 

commercial grid generation code GAMBIT.  Shown in Fig. 3.2 is a typical 

computational grid employed in this study. 

 

 

3.6 Solution Procedure 

The governing equations are discretized using a finite-volume based approach and 

converted into a set of algebraic equations, which are then solved by matrix methods.  

Unknown pressure field in the momentum equations is determined by solving the 

continuity equation iteratively, using a pressure-correction algorithm.  The entire 

process follows the standard SIMPLE algorithm (Patankar and Spalding, 1972).  
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Convective terms in the governing equations are discretized by Power law scheme.  

Interactions of porous media with gas-phase are programmed in C++ through a set of 

user-defined functions.  Solutions are obtained using a commercial code FLUENTTM.  

Various computational parameters employed in the study are presented in Table 3.4. 

 

The solution procedure adopted in the study is presented in Fig. 3.3 in the form of a 

flowchart.  The gas-phase with swirling air stream for atomization was first solved 

under steady state conditions.  Porous medium heat source was also activated during 

this stage.  This was done for the following reason:  The flow had swirling air stream 

and porous media source terms.  Before starting the droplet injection, it was necessary 

to establish a stable flow field in order to minimize the convergence difficulties.  

Once a converged steady-state flow field was obtained, the injection was turned on; 

computations were carried out and coupled with continuous phase calculations.  For 

every injection, the continuous flow calculations were performed a number of times.  

For assessing the convergence of the solution, a scaled residual (Rφ), for a general 

variable, φ is defined by summing the imbalance in the discretization equation over 

all the computational cells P, as shown below: 

 

 
∑

∑ ∑
φ

φ−+φ
=φ

pcells pp

Pcells nb ppnbnb

a

aba
R      (3.26) 

 

where ap is the center coefficient, anb are the influence coefficients for the neighboring 

cells, and b is the contribution of the constant part of the source term Sc in S = Sc + 
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Spφ and of the boundary conditions.  In this study, the computations are performed 

until the residuals attained values of 1 x 10-4 or lower.  This process was then 

repeated until the end of injection period. 

 

 

3.7 Model Comparison 

Two benchmark cases were simulated and the results were compared with that 

available in literature to assess the predictions of the present model.  First, the 

evaporation of single droplet of n-heptane fuel in quiescent environment (without 

porous media) was considered.  Variation of droplet diameter as a function of time 

i.e., the droplet life time was captured and compared with the experimental and 

numerical data obtained by Runge et al. (1998).  A non-dimensional time (τ) was 

calculated as follows: 

 

 Non-dimensional time,
2
0R

t ν=τ      (3.27) 

 

where, t is the droplet life time, ν is the gas kinematic viscosity, and R0 is the initial 

radius of the droplet.  Figure 3.4 presents the decay of the square of the non-

dimensional diameter (D/D0)
2 of the droplet with the non-dimensional time.  Here, D 

is the diameter of the droplet at any given time, t and D0 is the initial diameter of the 

droplet.  Results show a reasonably good agreement between the present model’s 

predictions and literature.  Such a variation of the square of droplet diameter with 
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respect to time is commonly referred to as the D2 Law.  The study, thus, demonstrates 

that the predictions of droplet parameters are reliable and consistent. 

 

Next, the predictions of porous medium model were compared with the results 

obtained by Vafai and Kim (1989).  They derived an exact solution for forced 

convection in a channel filled with porous medium for an applied wall heat flux.  For 

a given Darcy number of 0.01 and porosity of 87%, the permeability was calculated 

and supplied as input to the present model.  A heat flux of 1 W/m2 was applied and 

the transverse temperature profiles were obtained at different axial locations.  Porous 

medium temperature in each profile was n normalized, as shown below: 

 

 Normalized temperature = 
h/q

TT

w

w −
     (3.28) 

 

where Tw is the wall temperature, qw is the heat flux applied at the wall, and h is the 

convective heat transfer coefficient.  When the porous medium temperature was 

normalized according to Equation 3.28, the transverse temperature profiles collapse 

into a single curve.  The results are shown in Fig. 3.5 for an h/k value of 10.27.  The 

figure demonstrates that the predictions of our porous medium model are in excellent 

agreement with the analytical results of Vafai and Kim (1989). 
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3.8 Grid Sensitivity Analysis 

Different grids of sizes 80x10, 160x20, 200x25, 240x30, 320x40, and 400x50 were 

used to investigate the effects of grid size on model’s predictions.  Vapor 

concentration profiles for each grid at x = 12.7 cm were obtained for comparison 

purposes.  The results from this study are shown in Fig. 3.6.  The vapor concentration 

profiles predicted by the grids other than 80x10 showed no dependency on the grid 

size.  Hence, any grid size above 80x10 could be used without sacrificing the 

accuracy much.  Considering the computational time, accuracy and memory size of 

the computer used, a grid size of 200x25 was selected for further analysis. 

 

Effect of coflow air turbulence on the heat and mass transfer calculations of droplet 

evaporation is described in Appendix G. 

 

3.9 Chapter Summary 

This chapter presented the computational models employed in this study.  Governing 

equations for gaseous, liquid and solid phases were given.  Boundary conditions for 

the continuous flow field and initial conditions for discrete phase were tabulated.  

Grid generation and solution procedure were also explained.  Furthermore, a 

comparison of model predictions with literature and grid sensitivity analysis was also 

presented. 
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Table 3.1 Boundary conditions at flow inlet, side walls, 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 
flow exit 

0 - 

   
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 O2 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 W/m2 
   
Solid-phase Energy Equation:   
Initial guess temperature in the porous 
region  

300 K 

Gradient of solid temperature 0 K/m2 
   
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 - 

 
*FLUENTTM recommends a range of values for these parameters.  However, the 
specific values depend on the problem under consideration.  In the present study, 
extensive simulations were conducted by comparing the numerical results with the 
experimental data, and appropriate values were obtained for relative velocity, sheet 
constant, and ligament constant.  These values were used in the subsequent 
simulations of the evaporation enhancement in porous media. 
 
 
 
 

Table 3.3 Important physical properties of porous medium used in modeling* 
 

Parameter Value Units 
Bulk density 320 kg/m3 
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 cm3 
Heat input range 0.8-1.1 % of average 

heat input 
 
*Supplied by Ultramet®, Pacoima, CA 
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Table 3.4 Computational parameters used in the modeling 
 
 

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 1x10-4 
Number of data points used in radial 
profiles for increased accuracy 

50 
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Figure 3.1 Physical domain considered for the 
present analysis 

Figure 3.2 Computational grid 
generated for the present analysis 
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Figure 3.3 Solution flow diagram and FLUENTTM interactions with UDF solver 
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Figure 3.4 Comparison of predicted droplet life time with the experimental and 
numerical results of Runge et al. (1998) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Comparison of transverse temperature profiles of the present model with 

the analytical solutions of Vafai and Kim (1989) 
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Figure 3.6 Effects of grid size on vapor concentration (x = 12.7 cm, HS = 200 W) 
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Chapter 4 

Evaporation Enhancement in Porous Media 

4.1 Introduction 

A porous medium placed in the combustion zone establishes a heat feedback 

upstream due to thermal conduction and radiation.  The heat feedback, in turn, may 

be beneficially exploited to enhance vaporization of a liquid sprayed upstream of the 

porous medium and to improve the mixing of fuel vapors and air.  Enhancement of 

fuel vaporization depends on the following: 

(i) Strength of heat feedback 

(ii) Droplet characteristics 

(iii) Porous medium properties 

(iv) Coflow conditions 

(v) Injector location 

 

This chapter presents experimental and numerical results on evaporation 

enhancement of a liquid sprayed on the porous medium with simulated heat feedback 

rate.  First, experimental results on the pressure drop through porous media and the 

uniformity of surface temperature are discussed.  The spray characteristics such as 

mean axial velocity, droplet diameter, and liquid mass flux are presented.  Next, the 

minimum heat feedback required for complete vaporization and vapor concentration 

profiles at downstream of the porous medium are presented.  This chapter also 
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discusses the development and results of a computational model to predict spray 

evaporation rate in porous media using a two-energy equation model. 

 

 

4.2 Pressure Drop Measurements 

The pressure drop measurements were taken from two pressure taps located at 30 cm 

from upstream surface on each side of the porous medium.  Figure 2.14 shows the 

experimental setup for these measurements.  Difference in pressure was measured 

using a standard U-tube water column manometer.  Pressure drop was first measured 

without porous medium to find out the pressure drop in the channel only.  

Measurements were taken at unheated coflow conditions (∼ 294 K) and heated 

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

 

4.2.1 Unheated Coflow Conditions 

Figure 4.1 shows the pressure drop measured across 25 and 31 PPCM porous media 

at unheated coflow conditions (∼ 294 K) for different coflow velocities.  The figure 

shows that the pressure drop increased as the velocity was increased like in a regular 

channel flow.  This increase was initially linear corresponding to the Darcy flow 

regime, where the pressure drop was proportional to the viscous resistance.  At higher 

velocities the pressure drop varied as the square of the velocity corresponding to 

Forchheimer flow regime, where the pressure drop depended on the viscous and 

inertial resistance of the porous medium.  Also, the pressure drop increased as the 

linear pore density (defined as the number of pores per centimeter) was increased.  
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The porous medium structure became finer with larger linear pore densities, and 

hence, offered more resistance to flow.  The increase in 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 the present study is ~ 510 K.  Hence, 

the coflow air was preheated up to 450 K.  To understand the effect of coflow 

temperature on the pressure drop across the evaporation porous medium, 

measurements were taken at 350, 400, and 450 K, and the results are presented in 

Figs. 4.2 to 4.4, respectively.  Figure 4.5 shows the effect of coflow air temperature 

on the pressure drop across the 18 PPCM porous medium for a coflow air flowrate of 

195 l/min.  The overall increasing trend of the pressure drop with coflow air velocity 

was similar to that at ambient flow conditions.  When the coflow air temperature was 

increased, the pressure drop across the porous medium also increased.  Due to the 

decrease in air density, the velocity of air increases (since mass flowrate was 

constant) when the coflow temperature is increased.  At higher flowrates, the pressure 

drop is proportional to the square of velocity, and hence, higher pressure drops were 

recorded at higher temperatures. 

 

4.2.3 Comparison with Literature 

The pressure drop in porous media has been studied by several researchers (Darcy, 

1856; Forchheimer, 1901; Ergun, 1952; Macdonald et al., 1979; Fand et al. 1987; 

Civan and Evans, 1996; Liu and Masliyah, 1996).  For flow through porous media, 
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the pressure drop (∆p) over a length L is expressed by the following relationship 

(Howell et al. 1996): 

 

 2
2UCU

l

p ρ+
α
µ=∆

       (4.1) 

 

where α is the permeability and C2 is the inertial coefficient.  The above expression 

includes the viscous and inertial resistances due to fluid flow through porous medium. 

 

Figure 4.6 compares the pressure drop measured in this study with that obtained by 

Ergun (1952) for unheated coflow conditions.  As shown by Figs. 4.1 and 4.2, the 

pressure drop increased with an increase in velocity.  The trend in general agrees with 

Ergun equation.  However, our measured data is about twice that predicted by 

Ergun’s equation for 25 PPCM porous media.  This is attributed to the difference in 

the structure of porous medium.  In the present experiments, randomly-structured 

consolidated fibrous porous medium was used.  On the other hand, Ergun’s equation 

was developed from experiments with unconsolidated uniform packed beds. 

 

Another comparison of our results with Macdonald et al. (1979) is given below.  The 

following equation was proposed by Macdonald et al. (1979) for the non-dimensional 

pressure drop through porous media: 
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where grad P is pressure gradient across porous media, Deq is the equivalent diameter 

in packed beds (or average pore diameter in porous media). 

 

For our experimental conditions (air density = 1.2 kg/m3; velocity = 1.65 m/s; 

viscosity = 1.85 ×10-5 Ns/m2; average pore diameter = 490 µm), pressure gradient 

across the porous medium is calculated to be 15300 (N/m2)/m.  The measured 

pressure data for this case shows a gradient of 10768 (N/m2)/m, which is about 42% 

lower than that predicted by the Equation 4.2.  It should be noted that the Equation 

4.2 was developed for the unconsolidated packed bed porous media.  The authors also 

cautioned that any measured data would likely to lie within ± 50% of Equation 4.2.  

From the above comparisons, our experimental results seem to be in good agreement 

with literature values. 
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4.2.4 Calculation of Permeability from Pressure Drop Data 

Using Equation 4.1, if a graph is plotted between (∆p/L)/u and u, the Y- intercept 

would give us µ/α.  From the knowledge of viscosity of the fluid, we could calculate 

the permeability of the medium.  Figure 4.7 shows such a relationship between 

(∆p/L)/u and u for a porous medium with 18 PPCM.  Using a viscosity of 1.85 × 10-5 

Ns/m2, the permeability of the porous media is calculated to be 17 to 53 md for the 

coflow temperature range (unheated to 450 K) considered in this study.  Note that the 

permeability is measured in milli Darcy (1 Darcy = 9.87 × 10-13 m2).  Thus, the 

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

 

In another approach, Civan and Evans (1996) solved the differential form of 

Forchheimer equation and determined the permeability and non-Darcy flow 

coefficients.  The effect of core length on non-Darcy flow coefficient was studied.  

Furthermore, Civan and Evans (1998) compared the accuracy of pressure-squared and 

pseudopressure formulations of the Forchheimer equation.  For tight and coarse 

formation porous media, Civan and Evans (1996) employed permeability values in 

the range of 0.02 to 645 md.  In our study, using the measured pressure drop across 

porous media and Ergun equation, the permeability values were calculated to be in 

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

Heat energy released in the combustion porous media is recirculated upstream and the 

evaporation porous medium is heated up.  One way to systematically study the effect 

of this heat feedback is to uncouple the combustion process and simulate the heat 

feedback by an external method.  In this study, the combustion heat feedback was 

simulated with resistive heating of evaporation porous medium.  The electric input 

supplied to the porous medium for resistive heating is represented as a fraction of heat 

feedback from the combustion zone.  The temperature attained by the porous 

medium, thus, depends on the strength of the heat source and the effectiveness of 

convective heat transfer between porous medium and coflow air.  The porous medium 

surface temperature was measured by thermocouples embedded in the porous media 

and an infrared imaging camera.  Porous medium temperature distribution was also 

predicted by using a local thermal non-equilibrium model. 

 

4.3.1 Thermocouple Measurements 

Figure 4.8 shows the measured surface temperature profiles in 25 and 31 PPCM 

porous media.  The measurements were made using a K-type thermocouple under 

quiescent ambient conditions for different heat feedback rates.  The measurements 

were taken on the centerline of the porous medium surface.  The surface temperature 

was nearly uniform (within 50 K) in all the profiles.  When the heat feedback rates 

were made stronger, higher peak temperatures were obtained, which is in accordance 

with the energy conservation in porous media.  The figure further shows that the peak 

temperatures in the 25 and 31 PPCM porous media were about the same, indicating 
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their similar electrical resistance.  Uncertainties estimated in the temperature 

measurements were less than ±1% of the mean value at 95% confidence level. 

 

The lower temperatures recorded near the edges were caused by an increased heat 

loss from the copper plates to the chamber walls, and also due to the difference in 

contact resistance between the conductive glue and the porous media.  Inside the 

porous medium, however, the electric power supplied served as heat source and 

caused an increase in temperature.  This demonstrates that the porous medium we 

have employed has uniform thermo-electric properties. 

 

4.3.2 Infrared Imaging 

Note that a thermocouple embedded in a porous medium measures an average of gas 

and solid temperatures as it is in contact with both solid and fluid media.  Hence, it 

does not indicate the true porous medium temperature.  The distribution of 

temperature in the porous medium could be measured using an infrared technique.  

This study employed an infrared camera for such measurements.  The measurements 

show the temperature distribution accurately, however, the values are only qualitative 

since the emissivity of the porous medium was not known accurately.  The 

measurements were taken at different heat feedback rate conditions with and without 

the presence of preheated coflow air to determine the effects of those parameters. 

 

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

respectively.  The figures show the difference between the maximum and minimum 
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temperature in each case in order to examine the uniformity of temperature.  It can be 

seen from the IR images that the temperature distribution in porous media was 

uniform within ± 5 K at 1 % heat feedback.  The temperature distribution in 25 

PPCM porous medium showed a double peak structure, while it was absent in the 31 

PPCM porous medium.  The surface temperature distribution was affected by the 

flow pattern of air inside the porous medium.  Due to the difference in pore structure 

and fiber orientation between the two porous media, the flow pattern of air would be 

different, and in turn, changed the temperature distribution.  The difference in the 

average temperature of the two porous media was, however, less than 10 K.  The 

surface temperature measured using thermocouple showed that the porous medium 

temperature was uniform within 50 K.  IR imaging indicated a maximum temperature 

difference of 10 K.  This suggests that the temperature of porous medium (solid 

portion temperature measured by thermocouple) is uniform within measurement 

uncertainties. 

 

Figures 4.9 and 4.10 present results of the porous medium temperature distribution.  

Semi-quantitative results could, however, be obtained by assuming a range of 

emissivities and using temperature measurements obtained by thermocouple.  Results 

of such an analysis is presented in Fig. 4.11 for 25 PPCM porous medium with a 

simulated heat feedback of 1 % and a coflow air inlet temperature and flow rate of 

400 K and 195 l/min, respectively.  Comparison of Figs. 4.8 and 4.11 suggests that 

the emissivity of the porous medium falls between 0.7-0.9. 
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4.3.3 Predicted Temperature Profiles in Porous Media 

4.3.3.1 Axial Temperature Distribution 

Figure 4.12 shows the axial distribution of solid and gas phase temperatures in the 

computational domain with only gas flow for a heat feedback rate of 1%.  The 

flowrate and temperature of the coflow air were held constant at 190 l/min and 450 K, 

respectively.  It can be seen from the figure that the temperature of the gas phase 

increased in the porous region due to convective heat transfer.  The gas phase 

temperature followed the porous medium temperature very closely.  Figure 4.13 

presents the predicted steady state axial variation of the porous medium centerline 

temperature for different heat feedback rates with only gas flow.  The heat feedback 

rate was varied from 0.8 to 1.1% of the average heat input.  The results indicate that 

the porous medium temperature increased linearly along the centerline and attained a 

peak value closer to the exit of the porous medium at all heat feedback rate 

conditions.  This increase is due to the cumulative energy transfer from the coflow.  

The peak temperature attained by the porous medium also increased with stronger 

heat feedback rates.  The peak temperature corresponding to the lowest and highest 

feedback rates considered in this study were 462 and 475 K, respectively. 

 

The combustion heat energy fed upstream via conduction and radiation causes the 

porous medium temperature to increase.  As the coflow air flows through the 

preheated porous medium, its temperature increases primarily due to convective heat 

transfer from the porous medium.  Thus, the porous medium simultaneously behaves 

as source and sink in energy transfer.  This process leads to a local thermal non-
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equilibrium between the solid and gas phases.  The effectiveness of heat transfer to 

the coflow depends on the convective heat transfer coefficient, which in turn, depends 

on the properties of fluid and porous medium.  Recall that the coflow air velocity 

considered in this study ranged from 1 to 2 m/s.  In this range, for the computational 

geometry considered, the convective effects in the calculation of porous medium 

temperature could be dominant.  Under such situations, one could neglect the 

conduction term in the energy equation without sacrificing the solution accuracy. 

 

4.3.3.2 Surface Temperature Distribution 

Figure 4.14 shows the transverse temperature distribution at the exit surface of the 

porous medium for different heat feedback rates.  These profiles were normalized by 

the half-width of the test section used in the experiments (w), for comparison.  The 

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

at all conditions.  The peak surface temperature increased with heat feedback rate 

which is in accordance with energy conservation in porous media. 

 

4.3.3.3 Effect of Local Thermal Non-equilibrium 

A study assuming local thermal equilibrium between the porous medium and coflow 

air was conducted to assess the equilibrium and non-equilibrium models.  Figure 4.15 

compares the porous medium temperature predicted by equilibrium and non-

equilibrium models.  Also shown in the figure is the experimental data of the porous 

medium surface temperature.  The results show that the axial temperature profile 

predicted by the non-equilibrium model agrees with experimental data (infrared 



 104

imaging) better than that by equilibrium model.  This indicates the existence of non-

equilibrium heat transfer in the porous medium. 

 

The difference would become significant when the study is coupled with combustion.  

In order to accurately predict the temperature distribution under rapid vaporization 

conditions (as in the present case), one should use local thermal non-equilibrium 

models (Dual et al., 2004).  For local thermal non-equilibrium models, however, the 

proper selection of the interfacial heat transfer coefficient is essential as it affects the 

effectiveness of the heat transfer (Alazmi and Vafai, 2000).  In this study, the 

interfacial heat transfer coefficient was calculated using a correlation proposed by 

Henneke and Ellzey (1995), as explained in Section 3.3.1.5. 

 

4.3.3.4 Comparison with Experimental Data 

Using the two-energy equation model (see Chapter 3 Section 3.3.1), computer 

simulations were performed to predict the surface temperature of porous medium.  

The computational parameters used for this simulation are given in Table 4.1.  Figure 

4.16 shows a comparison of model predictions and experimental measurements of 

porous medium surface temperature for heat feedback rate of 1%.  The model 

predictions agree well with the infrared imaging data.  Note that a thermocouple 

embedded in a porous medium measures an average of gas and solid temperatures as 

it is in contact with both the pure solid and fluid.  On the other hand, infrared imaging 

measures the temperature of the solid portion directly.  Thermal effects are crucial to 

the completeness of vaporization of liquid fuels.  Surface temperature is an indirect 
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measure of vapor quality downstream of the porous medium.  Uniform surface 

temperature distribution, thus, would lead to homogeneous fuel-air mixture 

downstream of evaporation porous medium. 

 

 

4.4 Spray Characteristics 

This section presents characteristics of the kerosene, n-heptane, and methanol fuel 

sprays.  Characteristics such as droplet Sauter mean diameter (SMD), axial velocity, 

and liquid mass flux were measured simultaneously using phase Doppler particle 

analyzer.  The experiments were conducted in unheated and heated coflow air 

conditions.  The atomizing air flowrate was fixed at 8 l/min in all the experiments.  

This information provides the fuel spray conditions upstream of the evaporation 

porous medium which are needed to determine the effects of 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/min.  A positive pressure of 0.34 atm 

was applied to the fuel tank.  In all experiments, the secondary air flowrate and 

temperature were varied from 130-195 l/min and 423-490 K, respectively. 

 

There are several approaches to represent droplet diameter in a spray.  In combustion 

calculations, generally Sauter mean diameter is used.  This represents the ratio 

between total volume and surface area of droplets.  Figures 4.17 to 4.19 show the 
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measured transverse profiles of Sauter mean diameter at 2.5 cm upstream of the 

leading edge of the evaporation porous medium.  Figures 4.20 to 4.22 and Figures 

4.23 to 4.25 show the transverse profiles of Sauter mean diameter at 2.0 and 1.5 cm 

upstream of the porous medium, respectively.  In general, the droplet diameters 

varied from 15 to 35 µm.  Lower droplet diameters were recorded in the spray core 

and the droplet diameter increased radially outward.  Further, the droplet diameter 

increased with an increase in equivalence ratio.  In most cases, the temperature 

increase from 423 K to 450 K did not change the SMD distribution significantly.  

However, increasing the coflow temperature to 490 K caused significant evaporation 

(end boiling point ~ 510 K), and hence, reduced the SMD distribution.  Uncertainties 

in the SMD measurements were estimated using Student’s t-distribution at 95% 

confidence level.  The estimated uncertainty in SMD close to the spray edge was less 

than ±2.6% of the mean value.  Uncertainties estimated at other locations inside the 

spray were lower than that measured at the spray edges due to the presence of large 

number of droplets. 

 

Yule et al. (1982, 1983) noted similar observations with kerosene spray using laser 

tomographic light scattering technique.  Air-blast atomizers are provided with a 

swirling flow to promote atomization and impart an outward radial momentum to the 

spray.  The swirl, subsequently, converts the tangential velocity into radial velocity 

and makes the spray spread more radially.  The swirl number (S) of the atomizer is 

calculated as: 
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2/G1

2/G
S

−
=         (4.3) 

 

where G is the ratio between tangential and axial velocity of fluid in the atomizer.  In 

this case, the radial velocity was assumed to be 25% of axial velocity.  The swirl 

number was calculated as 0.14.  An alternative explanation for spray widening given 

by Presser et al. (1993) is as follows: A toroidal recirculation zone is created within 

the spray, due to the swirling motion of the primary air.  This, in turn, convects the 

small droplets towards the core and also widens the spray radially.  The experimental 

observations from the present study support these arguments well. 

 

At lower coflow temperatures, a specific pattern was not followed with equivalence 

ratio or coflow velocity.  Kerosene is a multicomponent fuel and it has a range of 

boiling points.  The maximum residence time of fuel spray (tres) in coflow air before 

impinging on the porous medium could be calculated as: 

 

 
velocityaxialdropletMinimum

injectorandmediumporousthebetweencetandisMaximum
t res =  

         (4.4) 

 

In this case, tres was estimated as 6 ms.  Due to this residence time spray spent in 

coflow, some evaporation of lighter fractions could have occurred, and hence, altered 

the droplet diameter.  Such evaporation does not usually follow a systematic trend, 
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since the local conditions and fuel composition vary.  At higher coflow temperatures, 

droplet diameter showed a distinct variation with equivalence ratio; it increased with 

an increase in equivalence ratio.  At these temperatures, lighter fractions would have 

already evaporated.  With an increase in fuel equivalence ratio, fuel flowrate was 

increased, which in turn, increased the droplet diameter. 

 

Note that the overall equivalence ratio (actual fuel-air ratio/stoichiometric fuel-air 

ratio) was based on the sum of atomizing and coflow air flowrates.  During the 

experiments, the atomizing air flowrate was held constant, while the fuel flowrate was 

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

 

4.4.1.2 Comparison with Numerical Model 

The spray characteristics upstream of the evaporation porous media were predicted by 

using an air-blast atomizer model (see Section 3.3.2.5).  The spray model uses several 

empirical parameters.  These parameters were first determined by conducting a 

number of simulations and comparing the results with experimental data.  Table 3.2 

presents the values of empirical constants used in the model.  Figure 4.26 presents a 

comparison of droplet diameter predicted by the numerical model and the measured 

experimental data.  The figure shows that the model predictions agree well with 

experimental data.  As observed from the experimental measurements, smaller droplet 

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

Droplet velocity measurements were taken simultaneously with Sauter mean diameter 

at similar conditions.  The secondary air flowrate and temperature were varied from 

130-195 l/min and 423-490 K, respectively.  Figures 4.27 to 4.29 show the measured 

transverse profiles of droplet axial velocity at 2.5 cm upstream of the leading edge of 

the evaporation porous medium.  Figures 4.30 to 4.32 and Figures 4.33 to 4.35 show 

the transverse profiles of droplet axial velocity at 2.0 and 1.5 cm upstream of the 

porous medium, respectively. 

 

The results show that higher droplet velocities were recorded at the spray core and the 

droplet velocities decreased radially.  The peak axial velocity in each profile varied 

from 7 to 23 m/s.  Since the droplets present in this region were smaller, they moved 

at higher velocities.  Due to the swirl imparted to fuel spray, large particles were 

thrown away from the spray core, which moved at lower velocities.  Also, a large 

number of particles were thrown away from the spray core.  The transverse profiles 

measured at different location also exhibited similar trends.  The peak axial velocity 

of the droplets decreased axially. 

 

4.4.1.4 Measured Mass Flux 

Measurement of liquid fuel mass flux distribution upstream of porous medium is 

important to understand the vapor concentration downstream of the porous medium.  

In the measurements, the secondary air flowrate and temperature were varied from 
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130-195 l/min and 423-490 K, respectively.  The liquid mass flux (MFl) at each 

measurement point was calculated as follows: 

 

tA

V
MF

probe

totl
l

ρ
=         (4.5) 

 

where, 

 ρl Density of droplet particles 

 Vtot 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 transverse profile of droplet mass flux at 2.5 

cm upstream of the leading edge of the evaporation porous medium.  Figures 4.39 to 

4.41 and Figures 4.42 to 4.44 show the transverse profiles of droplet mass flux at 2.0 

and 1.5 cm upstream of the porous medium, respectively. 

 

The reduced data reveal that the mass flux profiles follow the trend of SMD profiles 

at the corresponding equivalence ratios.  The mass flux is higher away from the core 

due to the presence of higher number of droplets with larger diameter.  Mass flux at a 

given transverse location also increased with increase in equivalence ratio. 
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When there is no porous medium employed, the vapor concentration profiles should 

follow the liquid mass flux profiles, if uniform vaporization takes place.  The 

presence of the porous medium, however, modifies the effects of mass flux profiles, 

and the heat feedback to the porous medium enhances evaporation.  As a result, a 

uniform vapor concentration distribution could be obtained at the exit, depending on 

the structure of the porous medium.  The relationships between the mass flux 

distribution and the vapor concentration are explained in Section 4.6. 

 

4.4.2 Characteristics of n-Heptane Spray 

The role of porous medium in the evaporation enhancement of different fuels was 

also studied with n-heptane and methanol.  In the kerosene experiments, a wide range 

of flowrate and coflow temperatures were used.  For the n-heptane spray study, the 

fuel flowrate was held constant at 6 ml/min and the coflow air flowrate was varied 

from 77 to 178 l/min.  Here the fuel flowrate was held constant and the coflow air 

flowrate was varied to achieve different equivalence ratios.  This was done to keep 

the firing rate of the burner constant.  Particularly, the fuel flowrate of 6 ml/min 

corresponds to a firing rate of 3 kW typically encountered in industrial burners.  

Measurements were taken at 2.5, 2.0 and 1.5 cm upstream of the leading edge of the 

evaporation porous medium. 

 

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

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

under unheated and heated coflow conditions, respectively at three axial locations. 

 

Overall, the droplet Sauter mean diameter varied from 50 to 80 µm in most cases.  

The n-heptane droplet diameter distribution showed that the small particles were 

present in spray core and larger particles were thrown away from the core.  However, 

this variation was not as pronounced in the n-heptane spray as in the kerosene spray.  

This is due to the lower boiling point and molecular weight of n-heptane.  Also note 

that n-heptane is a single component liquid with a unique boiling point.  The peak 

droplet diameter occurred at or close to the middle of the spray.  The droplet diameter 

variation with equivalence ratio showed more fluctuations in cold conditions than that 

in heated conditions.  The peak droplet velocity varied from 10 to 40 m/s.  The 

droplet axial velocity generally decreased along the transverse direction.  In some 

cases, due to non-uniform vaporization, droplets with higher velocities were also 

recorded.  With an increase in equivalence ratio, the droplet velocity showed a 

decreasing trend. 

 

4.4.3 Characteristics of Methanol Spray 

In the methanol spray experiments, the fuel flowrate was held constant at 12 ml/min 

and the coflow air flowrate was varied from 77 to 178 l/min.  Measurements were 

taken at 2.5, 2.0 and 1.5 cm upstream of the leading edge of the evaporation porous 

medium.  Figures 4.49 and 4.50 present the measured Sauter mean diameter of the 

methanol spray under unheated and heated coflow conditions, respectively at three 
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axial locations.  Figures 4.51 and 4.52 present the measured droplet axial velocity of 

n-Heptane spray under unheated and heated coflow conditions, respectively at three 

axial locations. 

 

Table 4.2 shows a comparison of the kerosene, n-heptane, and methanol spray 

characteristics.  Overall, the peak droplet diameter varied from 60 to 85 µm in most 

cases.  The peak droplet diameter occurred at or close to the spray core.  Farther away 

from the porous medium (i.e., closer to injector), the droplet diameter profiles showed 

a decreasing trend along the transverse direction.  This variation became more 

uniform as the distance to the porous medium from the injector (dip) was reduced.  

Similar observations were noted in heated conditions also.  The droplet velocity 

profiles show that the particles at the core had lower velocity and the velocity 

increased in the transverse direction.  Heated coflow air reduced this variation with 

equivalence ratio.  The increasing trend along the transverse direction was also 

observed in heated conditions. 

 

 

4.5 Minimum Heat Feedback Rate for Complete Vaporization 

4.5.1 Definition of Minimum Heat Feedback Rate 

A horizontal laser sheet was passed through the test section at 5 cm downstream of 

the porous medium.  The scattering of light was visible whenever there were droplets 

leaving the porous media.  The liquid fuel spray was considered to be fully vaporized 

if the scattered incident laser light was not visible.  For a given injector location, a 
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large amount of heat feedback rate (through resistive heating) was supplied initially, 

and the complete vaporization was ensured by making the laser beam invisible.  

Then, the heat feedback rate was slowly reduced in steps.  Sufficient time was given 

between each step for the porous medium to attain a thermal steady state.  At every 

step, the appearance of scattered light was checked.  This procedure was continued 

until the scattered light became visible and droplets were seen.  The heat feedback 

rate (electric power supplied to the resistive heater), required just to avoid the escape 

of droplets from the porous medium, was termed the minimum heat feedback rate 

required for complete vaporization at that injector location.  Then, the injector was 

moved to the next location and the entire experimental sequence was repeated.  In the 

present experimental setup, the distance between the porous medium and injector had 

to be at least 3 cm to avoid the spray impinging on the wall. 

 

4.5.2 Vaporization with Porous Media 

Figure 4.53 shows the variation of minimum heat feedback rate required for complete 

vaporization as a percentage of heat input for 25 PPCM and 31 PPCM porous media 

with the distance between the injector and the porous media.  During the experiments, 

the coflow air flowrate was held constant at 195 l/min, and the temperature was 

maintained at 400 K.  At equivalence ratios (φ) of 0.3 and 0.4, no heat feedback was 

required to achieve complete vaporization for both type of porous media.  The 

preheated coflow air itself was sufficient to vaporize the fuel completely at all 

injector locations (3-15 cm upstream of the porous medium) studied.  At higher 

equivalence ratios, however, some amount of heat feedback was needed to 
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completely vaporize the fuel.  This heat feedback rate increased as the injector was 

moved closer to the porous medium.  When the injector was moved closer to the 

porous medium, the residence time of fuel spray in hot air was lower and the fuel 

spray was not able to vaporize completely, and hence needed a larger heat feedback 

rate for complete vaporization. 

 

For the 25 PPCM porous medium, the required minimum heat feedback rate 

increased almost linearly with decreasing distance between the injector and porous 

medium (Fig. 4.53a).  The heat feedback requirements at φ = 0.5 and 0.6 remained 

close to each other.  About 1 % of the average heat input rate between an equivalence 

ratio of 0.3 and 0.6 (1.5 times of the heat of vaporization) was needed as heat 

feedback rate to achieve liquid heating and complete evaporation in this case.  With 

31 PPCM porous medium, no heat feedback was required when the injector was 

placed at 7 cm or farther from the base of the porous medium.  At other injector 

locations, the heat feedback rate required was lower than that of 25 PPCM porous 

medium.  Under the present conditions, with 1 % heat feedback rate, complete 

vaporization could be achieved with an upstream injector location of 3 cm.  Estimated 

uncertainty in the minimum heat feedback rate was less than ±10% of the mean value 

at 95% confidence level.  Note that a visual inspection of the laser sheet was followed 

to determine the scattered light.  The uncertainty in the measurements could be 

caused by the errors associated with the visual inspection, and due to the uncertainties 

in resistive heating.  When no porous medium was employed, this would translate to 
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the use of a coflow air temperature of at least 500 K or an upstream distance between 

injector and porous medium of more than 15 cm. 

 

Porous media with high PPCM are suitable for evaporation applications since they 

could also act as flame arrestors.  The porous media with 25 PPCM and 31 PPCM are 

suitable for such applications, and hence, were employed in this study.  The factors 

such as spurious scattering from the test section, and non-uniformity in the porous 

medium heating could lead to errors in the heat feedback measurements.  It was 

ensured that the test section was free of droplets sticking to the wall, downstream of 

the porous medium.  Furthermore, the scattering was observed at a fixed location 

throughout the experiments.   Errors due to non-uniformity in the porous medium 

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

This time interval was enough for the porous medium to attain steady state. 

 

Experiments were conducted to determine the minimum heat feedback required for 

complete vaporization for n-heptane and methanol sprays.  It was found that at both 

unheated and heated coflow air conditions (50 oC), there was no need for any 

additional heat input.  There are two important factors to achieve complete 

vaporization: (i) coflow air temperature and (ii) residence time in porous medium.  

Since the boiling point of these fuels is low, given sufficient residence time in porous 

media, complete vaporization could be achieved even at low coflow air temperatures.  

The presence of porous medium increases the residence time, and hence, enhances 

evaporation. 
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4.5.3 Vaporization without Porous Media 

The spray vaporization characteristics in the absence of porous media were measured 

for comparison purposes.  The laser beam was passed transversely at various axial 

locations of the spray emanating from the injector at different coflow air 

temperatures.  The light scattering from the droplets was observed.  The results are 

presented in Table 4.3.  Results showed that at a coflow air temperature of 500 K or 

above, fuel droplets were completely vaporized within 3 cm from the injector exit.  

When the coflow temperature was reduced to 477 K, a minimum distance of 9 cm 

between injector and porous medium was needed for complete vaporization.  With a 

further reduction in coflow temperature to 450 K and below, a distance of more than 

15 cm was needed for complete vaporization.  However, results obtained with both 

the porous media showed that at a coflow temperature of 400 K with combustion heat 

feedback, the minimum distance required for complete vaporization was 3 cm.  

Employing porous media, thus, enhances evaporation considerably.  The porous 

medium also permits the operation at a lower coflow air temperature with a shorter 

section to locate the injector upstream of the porous medium. 

 

 

4.6 Vapor Concentration Profiles 

This section presents the measured and predicted vapor concentration profiles 

downstream of the evaporation porous media with and without simulated combustion 

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

demonstrate the role of porous medium in evaporation enhancement. 

 

4.6.1 Measured Kerosene Vapor Concentration Profiles with no Heat Feedback 

Rate 

Figure 4.54 shows the measured transverse kerosene vapor concentration profiles at 5 

cm downstream of 25 and 31 PPCM porous media for different overall equivalence 

ratios with no combustion heat feedback.  The temperature of the coflow air was held 

constant at 450 K.  The vapor concentration ranged from 1500 to 3500 PPM.  For 25 

PPCM porous media, the vapor concentration decreased radially towards the edges 

whereas for the 31 PPCM porous media, it fluctuated.  With an increase in the 

equivalence ratio from 0.3 to 0.7, while average vapor concentration showed a 

maximum variation of 20% from the mean value, the transverse profiles followed no 

systematic trend.  Overall, the average vapor concentration in transverse locations of 

up to 50% on either side from the centerline of the test section was uniform within ± 

20% (maximum).  The edge effects, such as conduction and radiation losses to the 

walls, are responsible for the sharp changes near the chamber walls.  This 

demonstrates that the porous medium is uniformly distributing the fuel vapor. 

 

Figure 4.55 shows the transverse distribution of liquid mass flux upstream and vapor 

concentration downstream of 25 PPCM porous medium at equivalence ratios of 0.3 

and 0.6.  The vapor concentration distribution in Fig. 4.55 follows the liquid mass 

flux distribution upstream of the porous media.  From the SMD profiles of the 
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kerosene spray (Figs. 4.17 to 4.25), the droplet diameter ranged from 15 to 35 µm 

with a variation of 35% of the mean value.  Due to the presence of porous media, the 

vapor concentration distribution was relatively more uniform, although a scattered 

mass flux pattern was observed upstream of the porous medium.  The porous medium 

establishes a more uniform profile, a benefit derived from its random matrix structure.  

In addition, due to the complex flow path imposed on the liquid droplets, the droplets’ 

residence time increases, which further improves the evaporation rate.  While the 

operating conditions and upstream spray distribution pattern remain same, the 

evaporation rate would increase with an increase in the thickness of the porous 

medium. 

 

During measurements, the vapor samples drawn from the test section quickly 

condensed outside, since the boiling point of kerosene was ~ 510 K.  This problem 

was minimized by heating the entire sample line using an electrical heating tape.  In 

addition, the reaction chamber of the vapor concentration analyzer was isolated from 

the instrument and electrically heated.  Even with this arrangement of heating, some 

vapor condensation was observed in the flow line.  This led to an uncertainty of 13% 

of the mean value in measurements at 95% confidence.  Figure 4.54 shows a 

maximum variation of 20% in vapor concentration measurement and the estimated 

uncertainties were 13%.  This indicates that the vapor concentration downstream of 

the porous medium is fairly uniform. 
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Figure 4.56 presents the measured transverse n-heptane vapor concentration profile at 

5 cm downstream of the porous medium exit surface for φ = 0.5 and 0.6 with 

unheated coflow air.  Recall that no combustion heat feedback is required for 

complete vaporization of n-heptane spray; just the presence of the porous medium is 

sufficient.  Results indicate that the vapor concentration profiles showed a maximum 

variation of 14% of the mean value at φ = 0.6.  The average vapor concentration 

decreased by 22% when the equivalence ratio was increased from 0.5 to 0.6.  

However, the vapor concentration distribution remained somewhat uniform. 

 

4.6.2 Vapor Concentration Measurements with Simulated Heat Feedback Rate 

Figure 4.57 shows the transverse profiles of the vapor concentration for a 31 PPCM 

porous medium and at equivalence ratios of 0.3 and 0.6 with a combustion heat 

feedback rate of 1 % of heat input rate.  The vapor concentration profiles taken 

without the heat feedback are also shown for comparison.  The vapor concentration 

obtained with heat feedback was higher than that with no heat feedback conditions.  

With heat feedback, the average vapor concentration increased by 63% and 43% for 

0.3 and 0.6 equivalence ratios, respectively.  The evaporation enhancement decreased 

with increase in fuel flowrate.  This is because of the fact that the heat feedback rate 

was held constant and was not sufficient to maintain the complete vaporization at 

higher fuel flowrates.  Similar observations were noted in the computational 

simulations also. 
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The above results clearly demonstrate that the porous medium enhances the 

evaporation.  However, the extent of enhancement depends on the combustion heat 

feedback rate and the porous medium structure.  The heat feedback rate, in turn, 

depends on the combustion chamber stoichiometry and the effectiveness of heat 

transfer between the downstream flame and the porous medium (Kaplan and Hall, 

1995 and Mital et al., 1997). 

 

4.6.3 Comparison with Model Predictions 

The transverse vapor concentration profile at 5 cm downstream of the porous medium 

exit surface for 1% heat feedback rate and φ = 0.3 was predicted using the two-energy 

equation model.  Figure 4.58 compares the numerical predictions and corresponding 

experimental data.  Note that only half-profile of the measured vapor concentration 

data were compared with numerical model.  The figure indicates that model 

predictions agree well with experimental data.  The vapor concentration distribution 

showed a dip of less than 5% of the mean value in the core region and an increasing 

trend in the middle of spray.  This demonstrates that the present numerical model is 

effective to predict the evaporation characteristics in porous medium. 

 

4.6.4 Computational Parametric Study 

This section presents a parametric study of the effects of the heat feedback rate, 

porous medium structure and fuel flow rate on spray evaporation characteristics using 

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

Several simulations with different strengths of heat feedback rates (0.8 to 1.1% of 

average heat input) were conducted to understand the effects of heat feedback from 

the combustion porous medium.  During the study, air flowrate and overall 

equivalence ratio were held constant at 190 l/min and 0.3, respectively and the vapor 

concentration profiles were taken at 5 cm downstream of porous medium.  The results 

are presented in Fig. 4.59.  It is evident from Fig. 4.59 that the peak vapor 

concentration increased when the heat feedback rate was made stronger.  The peak 

concentration obtained with a heat source of 1.1% was 40% times higher than that of 

the case with 0.8% heat feedback rate.  As the heat feedback rate was made stronger, 

the peak temperature achieved by the porous medium also increased which, in turn, 

enhanced the evaporation.  This shows that the thermal effects 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 were studied by varying the porosity of 

the medium.  Simulations were performed for a range of porosities (0.5–0.8).  During 

the calculations, the porous medium heat feedback rate, air inlet temperature, and 

overall equivalence ratio were held constant at 1%, 450 K and 0.3, respectively.  

First, the steady-state axial temperature profiles for the solid medium were obtained 

and the results are presented in Fig. 4.60.  Figure 4.60 suggests that at any given axial 

location, the solid temperature decreases with increase in porosity.  This is in 

qualitative agreement with the definition of porosity.  Recall that porosity is the ratio 
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between the void volume and total volume of a material.  If the porosity is increased 

and total volume is held constant, the solid surface area decreases.  Under constant 

heat input conditions, if the solid surface area decreases, the heat taken away by the 

fluid phase increases, which in turn, lowers the temperature attained by the solid 

medium. 

 

Predicted transverse vapor concentration profiles at 5 cm downstream of the porous 

medium for different porosities are shown in Fig. 4.61.  The figure indicates that the 

predicted vapor concentration profiles exhibited similar trends.  The peak vapor 

concentration remained constant or decreased by 8% as the porosity was increased 

from 0.5 to 0.8.  This suggests that the porosity of the medium had negligible effects 

on vapor concentration distribution.  Note that these simulations were conducted at 

1% combustion heat feedback rate.  Our previous simulations (Periasamy and 

Gollahalli, 2006) show that at higher combustion feedback rates such as 3.6%, the 

peak vapor concentration decreased by 42% as the porosity was increased from 0.5 to 

0.87.  At 1% combustion feedback rate, the raise in porous medium temperature was 

lower than that at 3.6%.  This led to lower porous medium temperature, and hence, 

produced a smaller difference in peak vapor concentration. 

 

4.6.4.3 Effects of Fuel Flowrate 

In typical combustion systems, depending on the load, the fuel stoichiometry 

changes; this affects the peak temperature in the flame zone, and in turn the heat 

feedback to the evaporation porous media (EPM).  Unless the heat feedback is 
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measured experimentally or known by modeling combustion, a coupled solution to 

this problem is very difficult.  Hence, the problem was solved in an uncoupled 

manner; first, the effects of different heat feedback strengths were studied by holding 

the equivalence ratio constant.  Then, the equivalence ratio was varied by holding the 

strength of heat source constant.  Results of the former study are discussed in Section 

4.6.4.1 and that of the latter study are presented in this section. 

 

Figure 4.62 shows the effect of fuel flowrate (or overall equivalence ratio, since air 

flowrate is constant) on transverse vapor concentration distribution at 5 cm 

downstream of porous medium for a heat feedback rate of 1%.  The air flowrate was 

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

 

Results showed that the vapor concentration profiles followed a near-flat profile in 

the center region at the exit of the porous medium.  With an increase in equivalence 

ratio from 0.3 to 0.4, the peak vapor concentration increased by 50%.  Further 

increase to 0.7 caused the peak vapor concentration to decrease.  Since the air 

flowrate was held constant, fuel flowrate was increased to achieve richer equivalence 

ratios.  Increase in fuel flowrate beyond a critical value flooded the porous medium.  

This decreased the evaporation enhancement.  Further, the heat feedback rate (and 

hence, the peak temperature attained by the porous medium) was held constant for all 

these simulations.  In liquid-fueled combustors, increased fuel flowrate means an 

increase in firing rate.  This would, in turn, increase the rate of energy that has been 

fed back to the evaporation porous media.  Hence, the peak temperature attained by 
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the porous medium would also increase.  This, in turn, would 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 as a fraction of average heat input was 

specified in the solid phase energy equation to simulate combustion heat feedback.  In 

this section, instead of adding a heat source, a flame with a specified temperature was 

set at the exit of the porous medium.  The heat transfer from the flame zone to the 

porous medium was predicted by solving the radiative transfer equation.  The 

radiative heat flux was computed using a P-1 radiation model (see Section 3.3.1.5) 

and substituted as a source term in the solid phase energy equation.  The convective 

heat transfer to the gas phase was computed using Equations 3.9 and 3.10.  Figure 

4.63 shows the axial temperature distribution in the porous medium for two flame 

temperatures.  The peak temperatures attained at the leading edge of porous medium 

were 1245 and 1475 K for flame temperatures of 1400 and 2100 K, respectively.  

This indicates that under burning conditions the porous medium attains much higher 

temperatures than that are needed for complete vaporization.  This means that 

additional porous media could be installed upstream for evaporation enhancement.  

This would, in turn, shorten the evaporation regime. 
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4.7 Chapter Summary 

This chapter presented evaporation characteristics of liquid spray in porous media 

with simulated combustion heat feedback rate.  Both experimental and numerical 

results were discussed.  Measured pressure drop increased with linear pore density, as 

the porous medium structure became finer with larger linear pore densities.  Surface 

temperature distribution obtained by infrared imaging revealed that the temperature of 

porous medium was uniform within measurement uncertainties.  Predicted axial and 

surface temperature of the porous medium showed that the peak temperature 

increased with an increase in heat feedback rate.  Model predictions agree well with 

experimental measurements.  Droplet results showed that higher droplet velocities 

were recorded at spray core and the droplet velocities decreased radially.  Peak vapor 

concentration with combustion heat feedback showed 63% higher than that with no 

heat feedback.  The presence of porous medium increases the residence time, 

modifies the radial non-uniformity of mass flux profiles, and prepares uniform vapor 

concentration downstream of porous medium.  Combustion heat feedback to the 

porous medium increases its temperature, improves the heat transfer to droplets, and 

enhances evaporation. 
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Table 4.1 Computational parameters used in two-energy equation modeling 

 
Parameter Value Units 
Porosity 0.87 - 
Pore diameter 490 µm 
Ergun constant 1 180 - 
Ergun constant 2 4.0 - 
Porous region volume 36 cm3 

 
 
 
 
Table 4.2 Comparison of droplet characteristics of kerosene, 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 l/min 
Peak droplet 
diameter 

15-35 50-80 60-85  

Location of peak 
SMD 

at or close to 
spray core 

at or close to 
spray core 

at or close 
to spray 
core 

- 

Peak droplet velocity 7-23 10-40 10-35 m/s 
Effect of temperature 
on SMD variation 

reduced the 
effect of φ at 
490 K 

reduced the 
effect of φ at 
323 K 

reduced the 
effect of φ 
at 323 K 

- 

SMD variation along 
transverse direction 

generally 
decreased and 
then increased  

decreased decreased - 

Droplet axial velocity 
variation along 
transverse direction 

decreased decreased increased - 
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Table 4.3 Results of vaporization experiments without porous media 

 

 
*Heat feedback rate supplied to the evaporation porous medium was 1% of the 
average heat released in the combustion zone 
 
 

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 of 
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 a 
minimum of 9 cm was needed for 
complete vaporization 
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Fig. 4.1 Measured pressure drop across porous media of different pores per 
centimeter at various coflow air velocities (unheated) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.2 Measured pressure drop across porous media of different pores per 
centimeter at various coflow air velocities (Coflow air temperature = 350 K) 
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Fig. 4.3 Measured pressure drop across porous media of different pores per 
centimeter at various coflow air velocities (Coflow air temperature = 400 K) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.4 Measured pressure drop across porous media of different pores per 
centimeter at various coflow air velocities (Coflow air temperature = 450 K) 
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Fig. 4.5 Effect of coflow air temperature on the pressure drop across 18 PPCM porous 

media at a coflow air flow rate of 195 l/min 
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Fig. 4.6 Comparison of measured pressure drop across porous media with Ergun 
equation (unheated coflow air) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.7 Calculation of permeability of porous media from the measured pressure drop 

data (PPCM = 18) 
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(a) 25 PPCM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 31 PPCM 
 
Fig. 4.8 Measured surface temperature distribution in 25 and 31 PPCM porous media 

with different heat feedback 
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Fig. 4.9 Qualitative IR images of surface temperature of 25 PPCM porous media with 

a simulated heat feed back of 1% (No kerosene fuel was supplied; Air inlet 
temperature = 400 K; Volume flow rate = 195 l/min) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.10 Qualitative IR images of surface temperature of 31 PPCM porous media 
with a simulated heat feed back of 1 % (No kerosene fuel was supplied; Air inlet 

temperature = 400 K; Volume flow rate = 195 l/min) 
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Fig. 4.11 Surface temperature distribution of 25 PPCM porous medium with assumed 

emissivities (w = half-width of the test section, 2.5 cm; Heat feedback = 1 %; No 
kerosene fuel was supplied; Air inlet temperature = 400 K;                                 

Volume flow rate = 195 l/min) 
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Fig. 4.12 Axial variation of porous medium and gas-phase temperature in the 
computational domain (Heat feedback rate = 1%; no fuel spray) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.13 Effect of heat feedback rate on the axial variation of porous medium 
centerline temperature (Ti = 450 K; No fuel spray was considered;                           

Air flowrate = 190 l/min) 
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Fig. 4.14 Predicted porous medium surface temperature for different heat feedback 
rates (R = radius of the computational domain, 2.15 cm) 
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Fig. 4.15 Comparison of porous medium axial temperature predicted by local thermal 

equilibrium and non-equilibrium models (heat feedback rate = 1%; no fuel spray) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.16 Comparison of measured and predicted porous medium temperature at the 

exit surface for 1% combustion heat feedback rate 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.17 Transverse Sauter mean diameter profiles of kerosene spray at 2.5 cm 

upstream of porous media (Coflow temperature – 423 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.18 Transverse Sauter mean diameter profiles of kerosene spray at 2.5 cm 

upstream of porous media (Coflow temperature – 450 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.19 Transverse Sauter mean diameter profiles of kerosene spray at 2.5 cm 

upstream of porous media (Coflow temperature – 490 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.20 Transverse Sauter mean diameter profiles of kerosene spray at 2.0 cm 

upstream of porous media (Coflow temperature – 423 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.21 Transverse Sauter mean diameter profiles of kerosene spray at 2.0 cm 

upstream of porous media (Coflow temperature – 450 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.22 Transverse Sauter mean diameter profiles of kerosene spray at 2.0 cm 

upstream of porous media (Coflow temperature – 490 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
 

Fig. 4.23 Transverse Sauter mean diameter profiles of kerosene spray at 1.5 cm 
upstream of porous media (Coflow temperature – 423 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.24 Transverse Sauter mean diameter profiles of kerosene spray at 1.5 cm 

upstream of porous media (Coflow temperature – 450 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.25 Transverse Sauter mean diameter profiles of kerosene spray at 1.5 cm 

upstream of porous media (Coflow temperature – 490 K) 
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Fig. 4.26 Comparison of measured and predicted droplet diameter at 1.5 cm upstream 
of the leading edge of the porous medium (R = radius of the computational domain, 

2.15 cm; φ = 0.5; Ti = 450 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.27 Transverse droplet axial velocity profiles of kerosene spray at 2.5 cm 

upstream of porous media (Coflow temperature – 423 K) 
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(a) Coflow air velocity = 2.0 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.28 Transverse droplet axial velocity profiles of kerosene spray at 2.5 cm 

upstream of porous media (Coflow temperature – 450 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
 

Fig. 4.29 Transverse droplet axial velocity profiles of kerosene spray at 2.5 cm 
upstream of porous media (Coflow temperature – 490 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.30 Transverse droplet axial velocity profiles of kerosene spray at 2.0 cm 

upstream of porous media (Coflow temperature – 423 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.31 Transverse droplet axial velocity profiles of kerosene spray at 2.0 cm 

upstream of porous media (Coflow temperature – 450 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.32 Transverse droplet axial velocity profiles of kerosene spray at 1.5 cm 

upstream of porous media (Coflow temperature – 490 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.33 Transverse droplet axial velocity profiles of kerosene spray at 1.5 cm 

upstream of porous media (Coflow temperature – 423 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.34 Transverse droplet axial velocity profiles of kerosene spray at 1.5 cm 

upstream of porous media (Coflow temperature – 450 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.35 Transverse droplet axial velocity profiles of kerosene spray at 1.5 cm 

upstream of porous media (Coflow temperature – 490 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.36 Transverse liquid mass flux profiles of kerosene spray at 2.5 cm upstream of 

porous media (Coflow temperature – 423 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.37 Transverse liquid mass flux profiles of kerosene spray at 2.5 cm upstream of 

porous media (Coflow temperature – 450 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.38 Transverse liquid mass flux profiles of kerosene spray at 2.5 cm upstream of 

porous media (Coflow temperature – 490 K) 

Normalized transverse location, r/w

M
as

s
flu

x
x

1
04 ,g

/c
m

2
s

0 0.1 0.2 0.3 0.4 0.5 0.60

20

40

60

80

100

120

140

φ = 0.3
φ = 0.4
φ = 0.5

Ti = 490 K; u = 1.4 m/s; dip = 2.5 cm

Normalized transverse location, r/w

M
as

s
flu

x
x

10
4
,g

/c
m

2 s

0 0.1 0.2 0.3 0.4 0.5 0.60

20

40

60

80

100

120

140

φ = 0.3
φ = 0.4

Ti = 490 K; u = 1.65 m/s; dip = 2.5 cm

Normalized transverse location, r/w

M
as

s
flu

x
x

10
4
,g

/c
m

2 s

0 0.1 0.2 0.3 0.4 0.5 0.60

20

40

60

80

100

120

140

φ = 0.4Ti = 490 K; u = 2.0 m/s; dip = 2.5 cm



 161

 
 
 
 
 
 
 
 
 
 
 
 

(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.39 Transverse liquid mass flux profiles of kerosene spray at 2.0 cm upstream of 

porous media (Coflow temperature – 423 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.40 Transverse liquid mass flux profiles of kerosene spray at 2.0 cm upstream of 

porous media (Coflow temperature – 450 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.41 Transverse liquid mass flux profiles of kerosene spray at 2.0 cm upstream of 

porous media (Coflow temperature – 490 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.42 Transverse liquid mass flux profiles of kerosene spray at 1.5 cm upstream of 

porous media (Coflow temperature – 423 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.43 Transverse liquid mass flux profiles of kerosene spray at 1.5 cm upstream of 

porous media (Coflow temperature – 450 K) 
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(a) Coflow air velocity = 1.4 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Coflow air velocity = 1.65 m/s 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) Coflow air velocity = 2.0 m/s 
Fig. 4.44 Transverse liquid mass flux profiles of kerosene spray at 1.5 cm upstream of 

porous media (Coflow temperature – 490 K) 
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(a) 2.5 cm upstream of porous media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 2.0 cm upstream of porous media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 1.5 cm upstream of porous media 
 

Fig. 4.45 Transverse Sauter mean diameter profiles of n-heptane spray at different 
axial locations upstream of porous media (Unheated coflow) 
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(a) 2.5 cm upstream of porous media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 2.0 cm upstream of porous media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 1.5 cm upstream of porous media 
Fig. 4.46 Transverse Sauter mean diameter profiles of n-heptane spray at different 

axial locations upstream of porous media (Ti = 323 K) 
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(a) 2.5 cm upstream of porous media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 2.0 cm upstream of porous media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 1.5 cm upstream of porous media 
Fig. 4.47 Transverse droplet axial velocity profiles of n-heptane spray at different 

axial locations upstream of porous media (Unheated coflow) 

Normalized transverse location, r/w

D
ro

pl
et

ax
ia

lv
el

oc
ity

,m
/s

0 0.1 0.2 0.3 0.4 0.5 0.60

5

10

15

20

25

30

35

40

45

50

φ = 0.3
φ = 0.4
φ = 0.5
φ = 0.6
φ = 0.7

Unheated coflow air; dip = 2.5 cm

Normalized transverse location, r/w

D
ro

pl
et

ax
ia

lv
el

oc
ity

,m
/s

0 0.1 0.2 0.3 0.4 0.5 0.60

5

10

15

20

25

30

35

40

45

50

φ = 0.3
φ = 0.4
φ = 0.5
φ = 0.6
φ = 0.7

Unheated coflow air; dip = 2.0 cm

Normalized transverse location, r/w

D
ro

pl
et

ax
ia

lv
el

oc
ity

,m
/s

0 0.1 0.2 0.3 0.4 0.5 0.60

5

10

15

20

25

30

35

40

45

50

φ = 0.3
φ = 0.4
φ = 0.5
φ = 0.6
φ = 0.7

Unheated coflow air; dip = 1.5 cm



 170

 
 
 
 
 
 
 
 
 
 
 
 

(a) 2.5 cm upstream of porous media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 2.0 cm upstream of porous media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 1.5 cm upstream of porous media 
Fig. 4.48 Transverse droplet axial velocity profiles of n-heptane spray at different 

axial locations upstream of porous media (Ti = 323 K) 
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(a) 2.5 cm upstream of porous media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 2.0 cm upstream of porous media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 1.5 cm upstream of porous media 
Fig. 4.49 Transverse Sauter mean diameter profiles of methanol spray at different 

axial locations upstream of porous media (Unheated coflow) 
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(a) 2.5 cm upstream of porous media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 2.0 cm upstream of porous media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 1.5 cm upstream of porous media 
Fig. 4.50 Transverse Sauter mean diameter profiles of methanol spray at different 

axial locations upstream of porous media (Ti = 323 K) 
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(a) 2.5 cm upstream of porous media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 2.0 cm upstream of porous media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 1.5 cm upstream of porous media 
Fig. 4.51 Transverse droplet axial velocity profiles of methanol spray at different 

axial locations upstream of porous media (Unheated coflow) 
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(a) 2.5 cm upstream of porous media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 2.0 cm upstream of porous media 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c) 1.5 cm upstream of porous media 
Fig. 4.52 Transverse droplet axial velocity profiles of methanol spray at different 

axial locations upstream of porous media (Ti = 323 K) 
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(a) 25 PPCM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 31 PPCM 
Fig. 4.53 Variation of minimum heat feedback requirement with the distance between 

the injector and porous medium for 25 and 31 PPCM porous media (Coflow air 
flowrate = 195 l/min; Coflow air temperature = 450 K) 
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(a) 25 PPCM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 31 PPCM 
 

Fig. 4.54 Measured transverse kerosene vapor concentration profiles at 5 cm 
downstream of the porous medium for 25 and 31 PPCM porous media with different 
equivalence ratios (No combustion heat feedback; Coflow air flowrate = 195 l/min; 

Coflow air temperature = 450 K) 
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Fig. 4.55 Liquid mass flux distribution (MF) and vapor concentration profiles (VC) 
with 25 PPCM porous medium at 0.3 and 0.6 equivalence ratios (No combustion heat 

feedback; Coflow air flowrate = 195 l/min; Coflow air temperature = 450 K) 
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Fig. 4.56 Measured transverse n-heptane vapor concentration profiles at 5 cm 
downstream of the porous medium for 25 PPCM porous media with different 

equivalence ratios (No combustion heat feedback; Unheated coflow) 
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Fig. 4.57 Vapor concentration profiles with 31 PPCM porous medium at φ = 0.3 and 

0.6 with and without combustion heat feedback (w = half width of the test section, 2.5 
cm; Coflow air flowrate = 195 l/min; Coflow air temperature = 450 K) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.58 Comparison of predicted and measured kerosene vapor concentration profile 
at 5 cm downstream of porous medium (R = radius of the computational domain, 2.15 

cm; φ = 0.3; heat feedback rate = 1%) 
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Fig. 4.59 Effect of combustion heat feedback rate on predicted transverse distribution 

of kerosene vapor concentration (φ = 0.3; Ti = 450 K; ε = 0.87) 
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Figure 4.60 Effect of porosity on axial temperature profiles in porous media (No 
liquid fuel supplied; Ti = 450 K; Heat feedback rate = 1.0%) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.61 Effect of porosity on transverse kerosene vapor concentration profiles at 
5 cm downstream of porous media (φ = 0.3; Ti = 450 K; Heat feedback rate = 1.0%) 
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Figure 4.62 Effect of fuel flowrate on transverse kerosene vapor concentration 
profiles at 5 cm downstream of porous media                                                             

(Ti = 450 K; ε = 0.87; Heat feedback rate = 1.0%) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.63 Effect of flame temperature on predicted axial porous medium and fluid 
temperature profiles for different assumed flame temperatures (Ti = 450 K; ε = 0.87) 
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Chapter 5 

Combustion of Liquid Spray in Porous Media 

5.1 Introduction 

In the previous chapter, evaporation enhancement of liquid spray in porous media has 

been studied with a simulated combustion heat feedback.  This chapter extends the 

study by replacing the simulated heat feedback source with the combustion of liquid 

spray in the porous media located downstream.  This chapter presents the interactions 

between combustion and evaporation.  Stable operating regimes, porous medium 

temperature near extinction, surface temperature uniformity, radiative heat release, 

and pollutant emission of spray flames in porous media are discussed. 

 

 

5.2 Flame Appearance 

As mentioned in Section 2.3.5, a high-temperature Vycor® glass test section was 

used during the combustion experiments.  The aluminum porous medium housing 

was replaced with a stainless steel housing.  A fine-structured 25 PPCM porous 

medium was used as evaporation and fuel vapor–air mixing medium (EPM).  A 

coarse 8 PPCM porous medium was used as combustion porous medium (CPM) and 

placed immediately downstream of evaporation porous medium.  Figure 5.1 shows 

the typical porous media setup employed in this study. 
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First, the coflow air preheater was turned on and the desired coflow air temperature 

was set.  The flow rate of air was set to produce the desired velocity in the test section 

using a calibrated rotameter.  The fuel tank was pressurized using compressed 

nitrogen.  A pilot flame was ignited at the exit of downstream glass test section.  The 

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

spray. 

 

After a 1-2 minute start up period, the fuel spray emanated from the injector, and 

subsequently, vaporized and mixed with air in the EPM.  The fuel vapor–air mixture 

was ignited by the pilot flame and a stable flame was established in the porous 

medium.  Initially, a fuel flowrate corresponding to a fuel-rich condition was set.  

Once the flame was established, the desired condition was set.  A stable flame is 

defined as one that is entirely contained within or on the surface of the porous 

medium for a given fuel and air flowrate and remained steady.  The former is referred 

to as interior flames and the latter is referred to as surface flames. 

 

5.2.1 Interior Flames 

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

porous medium.  The flame was completely contained within the porous medium.  

Figure 5.2 shows a typical view of the top surface of the combustion porous medium 

during the interior combustion mode.  The porous medium glowed in a bright orange 

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

porous medium.  With a reduction in fuel flowrate below a certain value 
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(corresponding to the stable lean limit of interior flames, discussed in Section 5.3), 

the flame appeared as a transient weak blue flame on the surface and immediately 

extinguished. 

 

The porous medium was able to withstand combustion continuously for more than 

two hours.  The combined operation of one porous medium exceeded more than 100 

hours maintaining structural stability.  No clogging of pores was observed.  Further, 

interior flames operated quieter than surface flames. 

 

5.2.2 Surface Flames 

In the surface combustion mode, the flame was always stabilized on the downstream 

exit surface of the combustion porous medium.  The flame covered the entire porous 

medium surface.  Figure 5.3 shows a typical surface flame observed in this study.  

The flame exhibited a cellular structure or appeared as contiguous flat bright blue 

sheet.  The flame zone was located about 1-3 mm above the porous medium surface. 

 

As the fuel flowrate was decreased below a certain equivalence ratio, the flame first 

lifted from the surface on locations where the gas velocity was higher than the local 

flame speed.  As the mixture was made leaner, the flat flame structure weakened and 

transformed into cellular structure.  With a further decrease in the fuel flowrate, the 

flame was completely lifted from the surface and was immediately extinguished.  A 

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

5.3.1 Definition of Flame Extinction in Porous Media 

As mentioned earlier, interior and surface combustion flames could be stabilized 

inside and on the exit surface of combustion porous media, respectively.  The specific 

mode of combustion depends on the flowrates of coflow air and fuel and the location 

of injector.  However, only one mode of combustion could be established for the 

specified set of conditions.  A stable interior flame once established in porous 

medium, remained stable as an interior flame until it blew out, and similarly, the 

surface flame remained stable on the exit surface of the porous medium until it blew 

out. 

 

After a stable interior or surface flame was established, the fuel flowrate was 

decreased while keeping the coflow air velocity constant.  During the interior 

combustion mode, below a critical fuel flowrate (or equivalence ratio), the flame 

appeared as a transient weak blue flame on the surface and blew out immediately.  In 

the surface combustion mode, below a critical fuel flowrate, the flame lifted from the 

exit surface of combustion porous medium and blew out immediately.  The condition 

where the flame (interior or surface) is not present in the porous medium is referred to 

as flame extinction.  This flame extinction was detected 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, the fuel flowrate just prior to the 

extinction of flame was recorded.  Using the coflow air flowrate, the equivalence 

ratio at extinction was calculated, as follows: 

 

tricstoichiome

ext
ext )A/F(

)A/F(
=φ       (5.1) 

 

This procedure was repeated for a range of coflow air flowrates and injector 

locations.  An effective gas velocity through the porous medium was calculated by 

dividing the coflow air volume flowrate by the porous medium surface area projected 

perpendicular to the mean flow direction, as follows: 

 

areasurfacePM

flowrateairTotal
ueff =       (5.2) 

 

Figure 5.4 presents the variation of extinction equivalence ratio with effective gas 

velocity for different injector locations.  Each data point in the figure denotes the 

lowest equivalence ratio up to which the flames (interior or surface combustion) 

could be established in porous medium.  Surface combustion data points are shown as 

filled symbols in Figure 5.4.  This figure illustrates the operating regimes of interior 

and surface combustion flames in porous media.  The results show that a decrease in 

the effective gas velocity decreased the extinction equivalence ratio for all injector 
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locations.  The effective gas velocity determined the location of the flame in the 

porous media and a decrease in the effective gas velocity moved the flame further 

inside the porous medium.  Uncertainty in the measurement of extinction equivalence 

ratio was less than ± 8% of the mean value.  This was calculated using Student’s t-

distribution at 95% confidence interval. 

 

When combustion occurred inside the porous medium, the heat transfer upstream to 

evaporation porous medium (EPM) became more efficient due to the increased 

porous medium temperature.  In this study, interior combustion flames were 

stabilized at as low an equivalence ratio as 0.2.  On the other hand, at higher effective 

gas velocities, flames were stabilized only on the surface of the porous medium.  

Further, a critical effective gas velocity that distinguished interior and surface 

combustion modes was found.  In the present configuration, increasing the effective 

gas velocity beyond 130 cm/s resulted in surface flames. 

 

 

5.4 Damköhler number Analysis at Flame Extinction 

Based on the experimental results discussed in previous section, a generalized 

understanding of flame extinction in porous media has been developed.  The 

Damköhler number is used to capture flame extinction behavior. 

 

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

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

spray upstream and inside evaporation porous medium (tres) can be calculated as 

follows: 

u

tad
t pip

res

⋅+
=        (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 provides more residence time than one 

unit length of open space.  Resistance offered by the porous medium could be 

calculated using Hydraulic Radius Model (Kaviany, 1995).  This model assumes the 

presence of imaginary hydraulic tubes in the porous medium.  These hydraulic tubes 

are responsible for the randomness in the porous medium structure, since they do not 

generally follow a straight path.  The resistance offered by the porous medium 

depends on the length of hydraulic tubes (LH) in the medium. 

 

Tortuosity (τ) is defined as the ratio of the thickness of the porous medium and the 

length of longest hydraulic tube in the porous medium, as follows: 
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H

p

L

t
=τ         (5.3b) 

 

Typical tortuosity values are presented in Kaviany (1995).  In the present study, a 

tortuosity of 0.3, typically corresponding to packed beds, was chosen.  For a porous 

medium of thickness 2.54 cm, the length of longest hydraulic tube was calculated to 

be 8.54 cm.  The porous medium thickness correction factor, a in Equation 3.4a, was 

calculated to be 3.4.  Note that for porous medium with high porosity (ε > 0.4), the 

effect of tortuosity could also be neglected. 

 

Figure 5.5 presents the effect of preheating residence time on the extinction 

equivalence ratio.  The figure indicates that increasing the preheating residence time 

decreased the extinction equivalence ratio.  A large preheating residence time denotes 

more time for spray evaporation and mixing, and hence, leads to interior combustion.  

If the residence time is small, evaporation and mixing are not complete, and a surface 

combustion mode is favored. 

 

A characteristic chemical time (tchem) for the combustion of kerosene spray can be 

calculated as follows: 

 

L
chem S

t
δ=         (5.4) 
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where 

δ - Laminar flame thickness 

SL - Laminar flame speed of kerosene with air at stoichiometric  

  conditions 

 

In Equation 5.4, the laminar flame thickness and flame speed of kerosene with air at 

stoichiometric conditions were used (Annamalai and Puri, 2006).  In the present 

study, the equivalence ratio employed ranged from 0.9 to 0.2.  Hence, the flame 

thickness and speed were extrapolated to lean conditions and employed in the above 

expression. 

 

Using the characteristic residence and chemical time scales, a Damköhler number 

(Da) can be calculated as follows: 

 

chem

res

t

t
Da =         (5.5) 

 

Figure 5.6 presents the effect of Damköhler number on extinction equivalence ratio 

for different injector locations.  The operation regimes of interior and surface 

combustion modes are also marked in the figure.  The specific mode of combustion is 

determined by the completeness of vaporization and the quality of reactant mixture in 

combustion porous medium.  Availability of a flammable mixture in CPM favors 

interior combustion.  If a flammable mixture is not prepared until the exit surface of 
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EPM and CPM, surface combustion is most likely to occur.  Since the air flowrate 

was held constant, the average gas velocity through the porous medium was also 

constant.  A decrease in fuel flowrate reduced the flame speed.  At some fuel 

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

 

The figure shows that a nominal Damköhler number of 5.0 was required to initiate the 

interior combustion mode.  As Da was increased, the extinction equivalence ratio 

decreased.  At a given Da, interior flames could be stabilized over a range of 

equivalence ratios.  For instance, at a Da of 6.0, interior flames were stabilized over 

an equivalence ratio range of 0.2 to 0.45.  A large Damköhler number denotes higher 

preheating spray residence time; if the residence time is higher, as mentioned earlier, 

the fuel spray vaporizes more completely and mixes better with air.  Also since this is 

in the fuel lean regime, more fuel vapors tend to move the mixture towards an 

equivalence ratio of unity, and thus increases the reaction rate.  Hence, a stable 

interior combustion mode is established under these conditions. 

 

Our results show that both surface and interior combustion modes could exist in 

porous media over a range of Damköhler numbers.  The surface combustion mode is 

similar to the operation of flat flame burner but with a thicker porous disk functioning 

as evaporator, mixer, and flame holder.  In the interior combustion mode, combustion 

takes place inside the porous medium, and hence, heat transferred to the solid portion 

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

spray. 
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5.5 Temperature Characteristics near Extinction 

The porous medium interior temperature and surface temperature uniformity 

measurements were taken to understand the upstream heat feedback rate and 

detection of flame extinction.  Interior temperature measurements were taken using a 

thermocouple at nine locations in CPM prior to extinction.  The surface temperature 

uniformity measurements were taken using infrared camera (Section 2.4.2). 

 

5.5.1 Porous Medium Interior Temperature 

Figure 5.7 shows the locations of thermocouple measurements in combustion porous 

medium.  Six K-type thermocouples were embedded on two opposite walls of the 

porous medium and three thermocouples were installed inside the porous medium 

along the centerline at uniform intervals.  Figure 5.8 presents the measured centerline 

temperature profile in the evaporation and combustion porous media during interior 

combustion.  The coflow air velocity was held constant at 126 cm/s.  The figure 

indicates that the axial temperature in the evaporation porous medium increased only 

slightly.  On the other hand, at the interface between the evaporation and combustion 

porous media, the temperature increased rapidly.  This indicates that the combustion 

occurred at the interface between the evaporation and combustion porous media.  

After the flame zone, the axial temperature profiles exhibited a decreasing trend. 

 

The axial distribution of the porous medium temperature during flame extinction is 

presented in Figure 5.9.  Coflow air velocity was held constant at 126 cm/s and the 

distance between injector and evaporation porous medium was 6 cm.  The figure 
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presents the axial distribution of porous medium temperature at different equivalence 

ratios prior to flame extinction.  It shows that the peak temperature attained in the 

porous medium at each equivalence ratio decreased with decreasing equivalence 

ratio.  In this case, stable interior combustion was observed until an equivalence ratio 

of 0.35. 

 

Figures 5.10 to 5.12 present porous medium interior temperature at two locations: 

18.4 cm from injector (I2, See Fig. 5.7) and 19 cm from injector (I3, See Fig. 5.7) 

prior to extinction for different injector locations and coflow air velocities.  The 

figures show that the temperature decreased, as the equivalence ratio was reduced i.e., 

lean extinction was approached.  At interior locations, the flames were stable at as 

low as a temperature of 1000 K.  The temperature at I3 was higher than that at I2 at 

most equivalence ratios.  This means that the flame zone was located near the 

interface between evaporation and combustion porous media. 

 

Since surface temperature is easier to measure than the interior temperature, it is 

useful to relate flame extinction to surface temperature measurements.  Temperature 

measurements at the centerline near the porous medium exit surface (I1, See Fig. 5.7) 

were also taken for this purpose.  Figure 5.13 shows such results at different 

equivalence ratios prior to extinction for a Damköhler number of 5.0.  The figure 

shows that the surface temperature decreased as the fuel flowrate was reduced i.e., the 

lean extinction was approached.  All the flames were extinguished below a surface 

temperature of 900 K.  Babb et al. (1999) experimentally measured an extinction 
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temperature of 1500 K for liquid heptane open diffusion flames (no porous medium 

was employed).  In the present study, an extinction temperature of less than 900 K 

was recorded.  This demonstrates that combustion in porous medium could be 

stabilized at much lower temperatures than that in open flames.  Hence, the insertion 

of porous medium in the combustion zone of a spray flame widens the range of stable 

burner operation. 

 

5.5.2 Adiabatic Flame Temperature 

Adiabatic flame temperature calculation of pre-vaporized premixed kerosene-air 

combustion (with no porous medium) for equivalence ratios from 0.2 to 2.0 was 

performed using Olikara & Borman (1975) routine.  Figure 5.14 presents the effect of 

equivalence ratio on adiabatic flame temperature.  The adiabatic flame temperature 

showed a peak value of 2300 K at an equivalence ratio of 1.1 and decreased when the 

mixture was made fuel leaner or richer.  At a very lean equivalence ratio of 0.2, the 

adiabatic flame temperature was 850 K.  Also shown in the figure is the measured 

porous medium temperature at the flame zone near extinction conditions 

corresponding to a coflow air velocity of 126 cm/s.  The distance between the porous 

medium and the injector was 6 cm. 

 

Although the porous medium housing was insulated, there were some radiative losses 

occurred from the walls.  Recall that the experimental data reported in Figure 5.14 

correspond to the porous medium temperature.  Since a thermocouple was used to 

make the measurements, the measured temperature was an average between the gas 
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phase and solid phase temperatures.  The measured data was about 200 K lower than 

the adiabatic flame temperature at the equivalence ratio of 0.65.  This difference 

could be attributed to the heat loss from chamber walls and the measurement nature 

of flame temperature in the porous media.  Also, note that the adiabatic flame 

calculations were performed by assuming C12H23 for kerosene fuel.  However, 

kerosene is a multi-component fuel and this simplification could also contribute to the 

differences between measurements and calculations. 

 

5.5.3 Comparison with Literature 

Khanna et al. (1994) measured the exit plane temperatures of methane-air combustion 

in porous medium.  They reported a temperature of 1250 K for an equivalence of 0.6.  

In the present study with kerosene spray flames in porous medium, the surface 

temperature measured was 1241 K.  A comparison of our results with that of Khanna 

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

 

Sathe et al. (1990) numerically studied the heat transfer and combustion of methane-

air in porous radiant burners.  Their results showed that stable flames could be 

established at the center of the upstream and downstream surfaces.  Barra et al. (2003) 

numerically studied the effect of material properties on the stabilization of methane-

air combustion in a two-section burner.  They concluded that the flame was stabilized 

at the interface between the two sections.  In the present study, it was observed that 

the flame was located near the interface between evaporation and combustion porous 



 197

media (Figs. 5.8 and 5.9).  Hence, our results are in good agreement with previously 

published data. 

 

5.5.4 Surface Temperature Uniformity 

The porous medium surface temperature uniformity denotes spacious homogeneity of 

fuel air-mixture prior to flame zone.  Figures 5.15 to 5.17 present porous medium 

surface temperature uniformity during interior combustion spray flames at four 

different equivalence ratios prior to extinction for a Damköhler number of 5.0.  The 

figures show that the peak temperature decreased as the equivalence ratio was 

decreased, as also observed with thermocouple measurements.  The results further 

show that the surface temperature was uniform within ± 50oC.  Note that the figure 

shows only the difference between the maximum and minimum temperatures since 

the emissivity of the porous medium was not known accurately.  Semi-quantitative 

results could, however, be obtained by combining the thermocouple and infrared 

images. 

 

 

5.6 Flame Radiation 

Radiation from the porous medium during combustion was measured by using a 

radiometer.  The radiometer was located directly 35 cm above the exit surface of 

combustion porous medium.  A quartz window (spectral transmission of 0.2 to 4.5 

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

was measured. 

 

Figure 5.18 presents the radiation from the combustion porous medium at different 

injector locations during the interior combustion mode.  While the coflow air flowrate 

was held constant at 90 l/min, the fuel flowrate was decreased.  The figure shows that 

the flame radiation decreased as the extinction was approached.  As the fuel flowrate 

was reduced, the heat input was decreased, and hence, the radiant heat energy from 

the flames was also decreased.  Decreasing porous medium surface temperature 

profiles (Fig. 5.9) during flame extinction also support the decreasing trend of flame 

radiation.  Although there were some non-systematic variations in the radiant energy 

output with the location of injector observed, these were within the experimental 

uncertainties (mean value ± 100 W/m2). 

 

 

5.7 Pollutant Emissions 

Emission indices of carbon monoxide (CO) and nitric oxide (NO), and exhaust 

concentration levels of carbon dioxide (CO2) and oxygen (O2) of spray flames 

stabilized on the downstream exit surface of combustion porous medium were 

measured.  A Pyrex® glass funnel was placed directly 1 cm above the exit plane of 

combustion test section to collect the combustion products.  A quartz probe was 

inserted at the exit of the glass funnel, and the sample was drawn (see Section 2.4.6 

for details). 
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5.7.1 Equilibrium Composition 

The equilibrium composition of kerosene–air combustion products was calculated 

using Olikara and Borman (1975) routine.  This code solves for the composition of 12 

species in C-H-O-N combustion system using seven equilibrium reactions and four 

atom-conservation equations.  Kerosene was assumed to be a single-component fuel 

of C12H23.  Figure 5.19 presents the mole fractions of carbon monoxide (CO), nitric 

oxide (NO), oxygen (O2), water vapor (H2O), and carbon dioxide (CO2) for 

equivalence ratios (φ) from 0.2 to 2.0.  Note that there was no porous medium 

considered for this analysis.  As the equivalence ratio was increased from 0.2, mole 

fraction of CO increased only slowly until φ = 1.0.  However, it increased 

significantly after φ = 1.0, as more fuel was available than the required amount (fuel-

rich combustion).  The mole fraction of O2 decreased as equivalence ratio was 

increased, and became negligible beyond φ = 1.0, due to burning in fuel rich 

condition. 

 

The mole fractions of CO2 and H2O increased as the equivalence ratio was increased, 

both attained peak values near φ = 1.0 (due to theoretical complete combustion), and 

decreased thereafter.  The mole fraction of NO also showed a trend similar to that of 

CO2 and H2O.  The production of thermal NO primarily depends on flame 

temperature, and hence, peak values of NO were obtained near stoichiometric 

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

The exit concentration levels of CO and CO2 were measured downstream of the 

combustion test section containing combustion porous medium.  From the measured 

data, global emission index of CO was calculated using Equation 2.1 (Turns, 2000).  

Figure 5.20 presents global emission indices for four equivalence ratios prior to 

extinction, and two locations of injector.  CO emission indices ranged from 13 to 100 

g/kg of fuel.  Equilibrium calculations showed a CO emission index of 4.77 g/kg of 

fuel at an equivalence ratio of 0.7.  Note that the above equilibrium calculations 

assume pre-vaporized, pre-mixed combustion of kerosene vapors with air.  Also, no 

porous medium was employed.  As the equivalence ratio was decreased or flame 

extinction was approached, EICO showed a somewhat non-systematic variation.  This 

variation was, however, within the experimental uncertainty of ± 12 g/kg of fuel.  The 

injector located farther from the leading edge of evaporation porous medium 

produced lower EICO.  Such emission index measurements are independent of any 

dilution by air, and widely used in evaluating the efficiency of combustion systems. 

 

Another common way of representing pollutant emissions is by correcting it with a 

fixed amount of oxygen content, according to the following equation: 

 

m

r
CC mr =         (5.6) 

 

where, 
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Cr - Measured concentration level in a dry gas sample containing ‘m’ 

amount of oxygen 

Cm - Corrected concentration level in a dry gas sample containing a 

reference amount ‘r’ of oxygen, usually 3% 

 

Figure 5.21 presents emission levels of CO in parts per million (ppm) corrected to 3% 

oxygen content in product gases for two locations of injector and four equivalence 

ratios prior to extinction.  CO emission level varied from 40 to 160 ppm.  The figure 

indicates that CO emission increased as extinction was approached.  When the 

injector was located farther, due to larger droplet residence time, more complete 

combustion occurred resulting in lower CO.  On the other hand, as the injector was 

moved closer to the evaporation porous medium, residence time at both upstream and 

in porous medium region decreased, and the degree of combustion decreased, and 

hence, increased the CO emission level. 

 

In a methane-fueled porous medium burner, Khanna et al. (1994) measured the CO 

emissions as 5 - 120 ppm for equivalence ratios of 0.6 to 0.87.  In the present study, 

depending upon the location of injector, CO emissions were obtained from 40 to 160 

ppm, corrected to 3% oxygen.  Note that the Khanna et al. (1994) used gaseous 

methane as fuel.  However, a comparison of our results with Khanna et al. (1994) 

reveals that the results are in good agreement with literature. 
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5.7.3 Emission Indices of Nitric Oxide (EINO) 

Emission indices of NO were calculated using the measured global emission data 

downstream of the combustion test section and Equation 2.1 (Turns, 2000).  Figure 

5.22 presents EINO for four equivalence ratios prior to extinction and at two locations 

of injector.  Results show that EINO were less than 2.5 g/kg of fuel.  EINO did not vary 

significantly with the location of injector or the equivalence ratio.  This demonstrates 

the benefits of porous medium in making NO emission somewhat insensitive to 

operating parameters.  This is due to uniformity as well as low dependence of 

reaction zone temperature to operational parameters due to the large thermal mass of 

porous medium and its role in evenly distributing fuel.  Measurement uncertainties 

calculated using Student’s t-distribution at 95% confidence level are ± 0.46 g/kg of 

fuel.  Figure 5.23 presents global emission of NO corrected to 3% oxygen content in 

combustion products for similar conditions as that of Figure 5.22.  NO emission 

results were less than 6.5 ppm.   

 

In combustion systems, following are the three major mechanisms that describe the 

formation nitric oxides: 

 (i) Thermal or Zeldovich mechanism 

 (ii) Fenimore or prompt mechanism 

 (iii) N 2O intermediate mechanism 

 

Thermal or Zeldovich mechanism describes NO formation in high temperature 

combustion system over a wide range of equivalence ratios.  Fenimore or prompt 
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mechanism describes NO formation in fuel-rich combustion systems.  The N2O 

intermediate mechanism explains NO formation in fuel-lean, low-temperature 

combustion systems.  In the present study, porous medium interior temperature (close 

to flame temperature) increased with equivalence ratio.  According to the Zeldovich 

mechanism, an increase in flame temperature also increases the NO concentration 

level.  The Zeldovich mechanism does not only depend on high temperature, but also 

on the amount of time spent in the high temperature region. 

 

The peak temperature attained at the leading edge of combustion porous medium due 

to the burning of spray flames decreased downstream immediately (See Figure 5.9), 

due to conduction and radiation heat feedback upstream.  This means that the 

residence time in the high temperature region was small, and hence, the formation of 

NO was reduced considerably in combustion in porous medium.  Since lean 

combustion was established in this study, the N2O intermediate mechanism could 

have also contributed to some level of NO formation. 

 

Kaplan and Hall (1995) measured NOx emissions from n-heptane fueled porous 

media radiant burner.  Their results indicated that the NOx concentration varied from 

15 to 20 ppm, corrected for 3% oxygen.  In the present study with kerosene 

combustion, NO concentration had a maximum value of 6.5 ppm, corrected to 3% 

oxygen.  Although there is a difference in fuel, comparison of our results with Kaplan 

and Hall (1995) shows that the results are in excellent qualitative agreement.  Similar 
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data were also obtained by Tseng and Howell (1998) for the combustion of n-heptane 

in porous media. 

 

Puri and Gollahalli (1989) measured the transverse NO concentration profiles of 

kerosene spray flames without using a porous medium.  Measurements were taken at 

different axial locations for a fuel flowrate of 0.35 g/s and a secondary air velocity of 

0.4 m/s.  At the centerline of the spray, the authors reported a NO concentration of 22 

ppm (corrected to 3% oxygen).  In the present study, the NO concentration (corrected 

to 3% oxygen) varied only from 2 to 7 ppm over an equivalence ratio range of 0.4 to 

0.7.  This demonstrates that the combustion in porous medium reduces the NO 

emission from spray flames considerably.  This is due to the enthalpy augmentation 

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

 

5.7.4 Exit Concentration Levels of Carbon Dioxide (CO2) 

Measurements of concentration levels of CO2 were made downstream of the 

combustion test section.  CO2 is the result of complete combustion, and hence, higher 

values of CO2 concentration indicate the complete use of energy contained in the fuel.  

Figure 5.24 shows global concentration levels of CO2 for two injector locations at 

four equivalence ratios prior to extinction.  CO2 concentration had a maximum value 

of 3.1%.  With a decrease in equivalence ratio in fuel-lean region, CO2 concentration 

also decreased.  Concentration levels of CO2 were higher when the injector was 

located farther from the leading edge of the evaporation porous medium.  As 

mentioned earlier, locating injector farther away increases residence time, and hence, 
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promotes more complete combustion, resulting in increased values of CO2 

concentration. 

 

5.7.5 Exit Concentration Levels of Oxygen (O2) 

The oxygen (O2) concentration in combustion products was also measured.  Figure 

5.25 presents the global concentration levels of O2 for two injector locations and at 

four equivalence ratios prior to extinction.  The results showed that the O2 

concentration had a lowest value of 16.3%.  The oxygen concentration increased as 

equivalence ratio was decreased.  Here, the air flowrate was held constant, and fuel 

flowrate was reduced to attain flame extinction.  Hence, as the extinction was 

approached, the O2 concentration increased.  With the injector located farther from 

the leading edge of the evaporation porous medium, the O2 concentration levels 

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

 

 

5.8 Chapter Summary 

This chapter presented an experimental study of spray flames stabilized both inside 

and on the downstream exit surface of the combustion porous medium.  Lean 

extinction limits of interior and surface combustion flames in porous media were 

determined.  A general Damköhler number approach was developed to understand 

flame extinction in porous media.  Interior temperature and downstream exit surface 

temperature of the combustion porous medium was measured.  Axial temperature 

distribution in evaporation porous medium due to combustion heat feedback was 



 206

reported.  This chapter also presented radiative heat release from combustion porous 

medium downstream surface, and emission indices of CO and NO. 
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Figure 5.1 Experimental arrangement of evaporation and combustion porous media 
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Figure 5.2 Photograph of typical interior combustion flame in porous media 
 
 
 
 
 

 
 

Figure 5.3 Photograph of a typical surface combustion flame in porous media 
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Figure 5.4 Effect of effective gas velocity on extinction equivalence ratio 
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Figure 5.5 Effect of preheating residence time on extinction equivalence ratio 
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Figure 5.6 Effect of Damköhler number on extinction equivalence ratio 
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Figure 5.7 Locations of temperature measurement in combustion porous media 
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Figure 5.8 Axial variation of porous medium temperature in evaporation and 
combustion porous media (dip = 6 cm; Coflow air velocity = 126 cm/s; Equivalence 

ratio = 0.35; Damköhler number = 5.38) 
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Figure 5.9 Effect of equivalence ratio on the axial variation of porous medium 
temperature in evaporation and combustion porous media during flame extinction        

(dip = 6 cm; Coflow air velocity = 126 cm/s) 
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Figure 5.10 Temperature in combustion porous medium prior to flame extinction           
(dip = 4 cm; Coflow air velocity = 111 cm/s) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.11 Temperature in combustion porous medium prior to flame extinction           
(dip = 5 cm; Coflow air velocity = 126 cm/s) 

 

Equivalence ratio

P
or

ou
s

m
ed

iu
m

te
m

p
er

at
ur

e,
K

0.1 0.2 0.3 0.4 0.5 0.6400

600

800

1000

1200

1400

1600

19 cm from injector
18.4 cm from injector

Equivalence ratio

P
or

ou
s

m
ed

iu
m

te
m

p
er

at
ur

e,
K

0.1 0.2 0.3 0.4 0.5 0.6400

600

800

1000

1200

1400

1600

19 cm from injector
18.4 cm from injector



 214

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.12 Temperature in combustion porous medium prior to flame extinction            
(dip = 5 cm; Coflow air velocity = 111 cm/s) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.13 Decay of porous medium surface temperature of interior flames prior to 

extinction (Da = 5.0) 
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Figure 5.14 Effect of equivalence ratio on adiabatic flame temperature of pre-
vaporized, premixed combustion kerosene-air with no porous medium.  Also shown 

is the porous medium temperature corresponding to                                            
Coflow air velocity 126 cm/s, dip = 6 cm 
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Figure 5.15 Contours of difference between maximum and minimum temperatures on 
the porous medium surface during interior combustion visualized by infrared imaging 

(Conditions: dip = 4 cm; Coflow air velocity = 96 cm/s) 
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Figure 5.16 Contours of difference between maximum and minimum temperatures on 
the porous medium surface during interior combustion visualized by infrared imaging 

(Conditions: dip = 5 cm; Coflow air velocity = 96 cm/s) 
 
 



 218

 

 
 

 
φ = 0.47 φ = 0.39 

 
 

 
 

 
 

 
 

φ = 0.35 
 

φ = 0.31 
 

0 oC 100 oC 
 
 
Figure 5.17 Contours of difference between maximum and minimum temperatures on 
the porous medium surface during interior combustion visualized by infrared imaging 

(Conditions: dip = 6 cm; Coflow air velocity = 96 cm/s) 
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Figure 5.18 Radiation from porous medium surface during the extinction interior 
combustion (Coflow air velocity = 96 cm/s) 
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Figure 5.19 Equilibrium compositions of combustion products at different 
equivalence ratios for pre-vaporized premixed kerosene-air combustion (with no 

porous medium) 
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Figure 5.20 Measured emission indices of carbon monoxide (CO) at four equivalence 

ratios prior to extinction for two injector locations (Coflow air velocity = 96 cm/s) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.21 Measured emissions of CO (corrected to 3% oxygen) at four equivalence 

ratios prior to extinction for two injector locations (Coflow air velocity = 96 cm/s) 
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Figure 5.22 Measured emission indices of nitric oxide (NO) at four equivalence ratios 

prior to extinction for two injector locations (Coflow air velocity = 96 cm/s) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.23 Measured emissions of NO (corrected to 3% oxygen) at four equivalence 

ratios prior to extinction for two injector locations (Coflow air velocity = 96 cm/s) 
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Figure 5.24 Measured exit concentration levels of carbon dioxide (CO2) at four 
equivalence ratios prior to extinction for two injector locations                                

Coflow air velocity = 96 cm/s) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.25 Measured exit concentration levels of oxygen O2 at four equivalence 
ratios prior to extinction for two injector locations (Coflow air velocity = 96 cm/s) 
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Chapter 6 

Overall Discussion, Conclusions and Recommendations 

6.1 Overall Discussion 

Burning of liquid fuels in the form of either individual droplets or spray critically 

depends on evaporation rate.  The objective of this research was to understand 

evaporation enhancement and combustion of liquid fuel spray in porous media.  First, 

combustion was decoupled, and heat feedback due to combustion in porous media 

was simulated by using a resistive heating mechanism.  This allowed us to vary the 

heat feedback in a controlled manner.  Next, combustion of fuel spray in porous 

media was studied and the interactions between evaporation and combustion were 

delineated.  Appendix I presents a list of publications from this research.  Following 

subsections present a summary of results and an overall discussion: 

 

6.1.1 Porous Medium Characteristics 

The presence of porous medium in a combustor causes additional pressure drop.  This 

must be determined first before it can be used in combustion systems.  Experimental 

measurements of pressure drop were taken at unheated coflow conditions (∼ 294 K) 

and heated conditions (350, 400, and 450 K) with different porous media.  Results 

showed that the pressure drop increased as the coflow air velocity was increased.  The 

pressure drop also increased with linear pore density (number of pores per centimeter) 

and coflow air temperature.  The measured pressure drop across the porous media 

was less than 1% of the operating pressure.  For instance, in industrial burners, 
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additional pressure drop of less than 1% is reasonable (Lefebvre, 1999), considering 

the benefits offered by the porous medium in evaporation enhancement and 

combustion. 

 

The temperature distribution in porous medium significantly affects the uniformity of 

the fuel-air mixture.  The porous medium surface temperature was measured and also 

predicted.  The results indicate that the temperature of porous medium was uniform 

within ± 5 and 25 K with IR imaging and thermocouple measurements, respectively 

at a feedback rate of 1% of the energy content of the liquid fuel evaporated.  Further, 

the porous medium axial and surface temperature profiles, predicted using a two-

energy equation model, revealed that the peak temperature increased with an increase 

in heat feedback rate.  Model predictions agree well with experimental measurements. 

 

6.1.2 Spray Characteristics 

Liquid fuels are usually injected into combustion chambers using atomizers such as 

pressure-swirl and air-blast.  In this study, an air-blast atomizer was used to inject the 

fuel.  Characteristics such as droplet Sauter mean diameter, axial velocity, and liquid 

mass flux of fuel spray were measured upstream of evaporation porous medium.  

Smaller droplet diameters were recorded in the spray core.  The droplet diameter 

increased radially outward, and also with an increase in equivalence ratio.  In most 

cases, an increase in the coflow air temperature from 423 to 490 K caused significant 

evaporation of kerosene droplets, and hence, reduced Sauter mean diameter values. 
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The droplet axial velocity was higher at spray core and decreased radially.  Peak 

values of the axial velocity decreased along the axis from the injector exit.  Due to the 

swirl imparted to fuel spray, large particles were thrown away from the spray core, 

which moved at lower velocities.  The mass flux at a given transverse location also 

increased with increase in equivalence ratio.  The liquid mass flux profiles followed 

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

 

6.1.3 Evaporation Enhancement 

Enhancement of the evaporation was quantified with simulated combustion heat 

feedback.  The electric input supplied to the porous medium for resistive heating was 

represented as a fraction of heat released in the combustion zone.  At low equivalence 

ratios such as 0.3 and 0.4, no heat feedback was required to achieve complete 

vaporization of the kerosene fuel; the preheated coflow air itself was sufficient to 

completely vaporize the fuel.  However, at higher equivalence ratios, a heat feedback 

rate of about 1% of the average energy content (LHV) was needed to completely 

vaporize the fuel. 

 

Experiments were conducted without the porous medium also to isolate the role of the 

porous medium in the evaporation enhancement.  The vaporization experiments 

without porous medium showed that at a given coflow air temperature and fuel 

flowrate, a longer vaporization section was needed to achieve complete vaporization.  

In the present configuration, complete vaporization of the kerosene spray was 

achieved at 1% heat feedback rate with a vaporization section of only 4 cm long.  On 
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the other hand, when no porous medium was employed, this would translate to the 

use of a coflow air temperature of at least 500 K or a vaporization section of more 

than 15 cm long.  Thus, employing porous media enhances evaporation considerably, 

and allows operation at a lower coflow air temperature or with a shorter evaporation 

section. 

 

The vapor concentration measurements downstream of evaporation porous medium 

were measured and predicted.  This was conducted for two reasons: (i) to study the 

effect of heat feedback rate on vapor concentration, and (ii) to measure spatial 

uniformity of the vapor concentration.  The peak vapor concentration with 1% 

combustion heat feedback showed 63% higher than that with no heat feedback.  The 

vapor concentration in transverse locations of up to 50% on either side from the 

centerline of the test section was uniform within ± 20% (maximum).  This 

demonstrates that the porous medium not only enhances fuel evaporation rate but is 

also effective in producing a spatially uniform fuel vapor-air mixture downstream of 

evaporation porous medium. 

 

Computational results also showed that the peak vapor concentration increased when 

the heat feedback rate was made stronger.  For instance, the peak concentration 

obtained with a heat source of 1.1% was 40% times higher than that of the case with 

0.8% heat feedback rate.  This indicates that the thermal effects of the porous medium 

are dominant in the evaporation enhancement.  A computational parametric study on 
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the effects of heat feedback rate, porous medium structure, fuel flowrate, and air inlet 

temperature was also conducted. 

 

When there is no porous medium employed, the vapor concentration profiles should 

follow the liquid mass flux profiles assuming uniform spatial vaporization rate.  The 

presence of the porous medium increases the residence time, and the inherent random 

porous matrix structure helps prepare the uniform vapor concentration downstream of 

porous medium.  The combustion heat feedback to the porous medium increases the 

temperature of the evaporation porous medium, which in turn, 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 inside and on the surface of the combustion 

porous medium.  While the interior flame was completely contained within the 

combustion porous medium, the surface flame was stabilized on the downstream exit 

surface.  For a given porous medium, the specific mode of combustion depended on 

the flowrates of coflow air and fuel and the location of injector.  Only one mode of 

combustion (interior or surface) could be established for specified set of conditions.  

A decrease in effective gas velocity decreased extinction equivalence ratio for all 

injector locations.  The completeness of evaporation and the quality of fuel-air 

mixture available at the combustion porous medium determined the flame stability.  

The availability of flammable mixture in combustion porous medium favored interior 

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

occur. 

 

A Damköhler number analysis was developed to provide a general understanding of 

flame extinction in porous media.  The Damköhler number is the ratio between a 

characteristics residence time and chemical time.  In this study, the characteristic 

preheating residence time of fuel spray was varied by changing: (i) distance between 

the porous medium and the injector, and (ii) the coflow air flowrate.  Since the air 

flowrate was held constant at a given Damköhler number, the average gas velocity 

through the porous medium was also constant.  A decrease in the fuel flowrate 

reduced the flame speed.  At some critical fuel flowrate, the local gas velocity 

exceeded the flame speed, and blew out the flame.  A nominal Damköhler number of 

5.0 was required to initiate the interior combustion mode. 

 

Axial temperature profiles in the evaporation porous medium showed only a slight 

increase.  However, across the interface between evaporation and combustion porous 

media, the solid temperature increased rapidly.  This indicates that the combustion 

occurred at the interface between evaporation and combustion porous media.  Porous 

medium surface temperature uniformity experiments showed that the temperature 

distribution was uniform within ± 50 K.  The flame radiation decreased as the flame 

extinction limit in porous media was approached.  CO emission indices ranged from 

13 to 100 g/kg of fuel.  The measured NO emission indices were less than 2.5 g/kg of 

fuel.  Also, NO emission indices were somewhat insensitive to operating parameters 
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such as equivalence ratio and the location of injector.  The exit CO2 concentration had 

a maximum value of 3.1% and exit O2 concentration had a lowest value of 16.3%.  

Concentration levels of CO2 and O2 indicate the degree of combustion. 

 

 

6.2 Conclusions 

From the present study, following conclusions are drawn: 

� The pressure drop across the porous medium increases as the gas velocity 

increases.  It also increases with linear pore density. 

� The surface temperatures of the evaporation and combustion porous medium 

in the present study are uniform within ± 25 and 50 K, respectively. 

� The porous medium peak temperature increases with an increase in heat 

feedback rate. 

� Lower droplet diameters exist in the spray core and the droplet diameter 

increases radially outward.  The droplet velocities are higher at spray core and 

decreases radially and also along the axial direction. 

� A heat feedback rate to the evaporation porous medium section of about 1% 

of average heat release in the combustion section is needed to completely 

vaporize the kerosene fuel. 

� The measured peak vapor concentration at the exit of the evaporation porous 

medium with 1% combustion heat release feedback is 63% higher than that 

with no heat feedback. 
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� The predicted vapor concentration downstream of evaporation porous medium 

increases when the heat feedback rate is stronger. 

� The porous medium allows operation at a lower coflow air temperature or 

with a shorter evaporation section. 

� Stable spray flames can be established both inside and on the downstream exit 

surface of the combustion porous medium. 

� The extinction equivalence ratio decreases with a decrease in effective gas 

velocity through porous medium. 

� The stable operating regime i.e., lowest equivalence ratio the burner can 

operate with, increases with Damköhler number. 

� A nominal Damköhler number of 5.0 was required to initiate interior 

combustion mode. 

� The radiation from porous medium surface decreases as extinction is 

approached. 

� NO emission indices are insensitive to operating parameters such as 

equivalence ratio and the location of injector. 

 

 

6.3 Practical Impacts 

The porous burner concepts developed in this study could be employed in gas turbine 

combustors, air-heating systems, industrial burners, porous chemical reactors, and 

hybrid burners for bio-fuels.  In lean premixed combustor gas turbines, when the 

output power falls below 50% of the nominal value, unstable combustion is likely to 
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occur (Mößbauer et al., 1999).  The use of porous medium in such situations reduces 

the fluctuations in turndown ratios, since the porous medium could provide a large 

thermal storage. 

 

Porous medium technology can be in heat recirculating burners.  Since the 

combustion heat is fed back upstream, the inlet reactants can be preheated, and the 

combustion performance can be improved.  Porous medium also finds applications in 

radiant burners.  In particular, where there is no direct contact of combustion products 

and heating medium is required, use of porous medium could effectively transfer the 

heat via radiation.  The porous media burner technology can also be used in boilers, 

oil refinery process heaters, and steam generators (Kamal and Mahamad, 2006a). 

 

Some materials, such as municipal waste and vegetable oil-derived fuels or coal-

derived synthetic gases usually contain low calorific values.  With porous medium, 

such fuels could be effectively burned because the inlet enthalpy could be augmented 

due to upstream heat transfer.  Further, porous medium burners are used in hydrogen 

and synthetic gases production. 

 

 

6.4 Recommendations for Further Study 

This dissertation presented a comprehensive study of evaporation enhancement and 

combustion of liquid spray in porous media.  Previous sections in this chapter 
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summarized the findings of this research.  The study could further be extended in the 

following directions: 

 

Experimental Work: 

1. Droplet residence time in porous media is an important parameter in 

evaporation enhancement.  The length of evaporation porous medium could 

be varied to study the effects of droplet residence time in evaporation 

enhancement. 

2. In this study, an air-blast atomizer was employed to inject liquid fuel.  

However, other types of injectors such as pressure swirl and effervescent (or 

even no injector) could be used to generate different spray pattern upstream of 

evaporation porous medium. 

3. The length of combustion porous media could be varied to promote fuel 

vapor-air mixing.  Influence of different flame locations on heat feedback rate 

to evaporation porous medium could be investigated. 

4. Different types of porous media and fuels could be used and the Damköhler 

number analysis could be developed into a more generic model for flame 

stability and extinction in porous media. 

5. Due to the enhanced upstream heat transfer, fuels with low calorific value 

could be burned effectively using porous medium.  However, a detailed 

investigation of this combustion phenomenon needs to be conducted. 
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Computational Work: 

1. Droplets’ flow pattern inside the porous medium could be included in the 

computational model.  This would enable us to better understand droplet-

porous medium momentum and heat transfer. 

2. Computational models for the combustion of liquid spray in porous medium 

could also be developed and compared with experimental data. 
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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 
 
 

Rotameter 
Scale 

Air 
Flowrate 
(l/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 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

y = 27.679x + 22.573

R2 = 0.9998
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A.2 Calibration of Rotameter for Atomizing Air 
 
Make:  Cole Parmer 
Model:  N044-40C 
Float:  Stainless steel 
 
 
Rotameter 

Scale 
Air Flowrate 

(l/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 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

y = 0.3848x

R2 = 1
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A.3 Calibration of Rotameter for Kerosene 
 
Make:  Omega 
Model:  FL-3802ST 
Float:  Stainless steel 
 
 
Rotameter 

scale 
Flow rate 
(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 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

y = 0.0704x

R2 = 0.9641
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A.4 Calibration of Rotameter for n-Heptane 
 
Make:  Ametek, S & K Co. 
Model:  Lo-Flow SK-1/8”-15-G5  
Float:  Stainless steel 
 
 
Rotameter 

scale 
Flowrate 
(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 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

y = 6.2622x - 8.727

R2 = 0.9927
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A.5 Calibration of Rotameter for Methanol 
 
Make:  Ametek, S & K Co. 
Model:  Lo-Flow SK-1/8”-15-G5  
Float:  Stainless steel 
 
 
Rotameter 

scale 
Flowrate 
(ml/min) 

2 3.43 
3 8.75 
4 14.08 
5 18.75 
6 23.81 
7 30.00 
8 36.81 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

y = 5.4416x - 7.8318
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A.6 Calibration Chart for Radiometer Output 

 

Radiometer 
output 

Solar 
constant 

Radiation 
intensity 

mv   W/m2 
0 0 0 
50 1.025 1386.825 
100 2.1 2841.3 
150 3.175 4295.775 
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 

 

y = 28.434x

R2 = 1
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Appendix B 

Sample Calculations 

B.1 Stoichiometric Combustion Calculation 

B.1.1 Kerosene 

Kerosene is assumed to be a single-component fuel of C12H23.  Stoichiometric 

combustion equation for kerosene-air combustion is written as follows: 

 

C12H23 + 17.75 (O2 + 3.76 N2) → 12 CO2 + 11.5 H2O + 66.74 N2 

 

( )
( )2876.33275.17

1231212

A

F

mass ⋅+×
⋅+⋅=  = 0.06853 

 

B.1.2 n-Heptane 

 

C7H16 + 11 (O2 + 3.76 N2) → 7 CO2 + 8 H2O + 41.36 N2 

 

( )
( )2876.33211

116127

A

F

mass ⋅+×
⋅+⋅=  = 0.06622 

 

B.1.3 Methanol 

 

CH3OH + 1.5 (O2 + 3.76 N2) → CO2 + 2 H2O + 41.36 N2 
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( )
( )2876.3325.1

16114121

A

F

mass ⋅+×
⋅+⋅+⋅=  = 0.1554 

 

 

B.2 Calculation of Kerosene Spray Mass Flux 

Equivalence ratio = 0.4; Location of injector = 2.5 cm upstream of EPM 

Density of kerosene = 0.78 g/cm3 

Radial location = 1 mm from the spray core 

Sauter mean diameter = 24.2 microns 

Droplet axial velocity = 15.353 m/s; RMS velocity = 6.926 m/s 

Probe area = 0.00162 cm2 

Total droplet volume = 4.66 x 10-5 cm3 

Runtime = 3.94 s 

 

Volume flux = total volume / (probe area x run time) 

  = 4.66 x 10-5 / (0.00162 x 3.94) 

  = 7.3x10-3 cm3/cm2s 

Mass flux = volume flux x liquid density 

  = 5.69 x 10-3 g/ cm2s 
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B.3 Calculation of Minimum Heat Feedback Rate for Complete 

 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 attain complete vaporization = 25.17 W 

 

Combustion heat feedback rate required to achieve complete vaporization  

  = Heat supplied to resistive heating / combustion heat release 

  = 25.17 x 100 / 5577.8 

  = 0.45 % 

 

 

B.4 Determination of Extinction Equivalence Ratio 

Fuel = Kerosene 

Coflow air: Rotameter scale – 4 units; Flowrate – 119.836 l/min; 

Atomizing air: Rotameter scale – 10 units; Flowrate – 4 l/min 

Total flowrate:  2063 cc/s;  Porous medium surface area: 16.3 cm2 

Coflow air velocity through porous medium:  126.5 cm/s 

Kerosene fuel flowrate just prior to extinction: Rotameter 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 Damköhler number 

Distance between the leading edge of evaporation porous medium and injector (dip) = 

5 cm; Effective gas velocity, Vg = 126.5 cm/s 

 

Residence time, tres:   

u

tad
t pip

res

⋅+
=  

5.126

54.235
t res

⋅+=  = 99.8 ms 

 

Characteristic chemical time is calculated as: 

L
chem S

t
δ=  

10

2.0
t chem =  = 20 ms 

Damköhler number is then calculated as: 

chem

res

t

t
Da =  

  
20

8.99
Da =  = 5 
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B.6 Calculation of Emission Index 

Fuel = Kerosene 

dip = 6 cm 

Equivalence ratio = 0.545 

CO: - 430 ppm; Mole fraction, XCO - 0.00043 

CO2 - 2.45 %;  Mole fraction, XCO2 - 0.0245 

NO - 17.5 ppm; Mole fraction, XNO - 1.75 x 10-5 

O2 - 17.2 %; Mole fraction, XO2 - 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 CO, 
fuel

i

COCO

i
i MW

MWx

XX

X
EI

2

⋅
+

=  

 

Emission index of CO, 
168

2812

0245.000043.0

00043.0
EICO

×⋅
+

=  

 

     = 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 Equation 

Pore diameter = 450 µm 

Porosity = 0.87 

Viscosity = 1.85 x 10-5 Ns/m2 

Density = 1.1614 kg/m3 

Gas velocity = 2 m/s 

Ergun constants: K1 = 150; K2 = 1.75 

 

Ergun equation is given below: 

 

( ) ( ) 2
3

p

2
32

p

2
1 U

d

1K
U

d

1K

l

p

ε
ε−ρ+

ε
µε−=∆

 

 

( )
( )

( ) 2
26326

52

U
87.010450

87.011614.175.1
2

87.010450

1085.187.01150

l

p

⋅⋅
−⋅⋅+

⋅⋅

⋅−=∆
−−

−

 

 

  = 4.24 x 103 N/m2/m 

  = 1.1 cm of water (across a porous medium of 2.54 cm thickness) 
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Appendix C 

Uncertainty Calculations 

C.1 Uncertainty Analysis 

Uncertainties in experimental measurements were estimated using statistical theory 

(Wheeler and Ganji, 1998).  Uncertainty consists of two parts: random or precision 

error (P) and fixed or biased error (B).  The steps involved in the calculation of 

uncertainties are described below: 

 

1. Determine the standard deviation of the sample containing ‘n’ data points: 

1n

)x(x
S

2
i

x −
−

= ∑        (C.1) 

 

2. Determine the standard deviation of the mean, as follows: 

n

S
S x

x =         (C.2) 

 

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

x/2 StP ⋅= α         (C.3) 

The value of /2tα is obtained from Student’s t-distribution table for the given number 

sample.  The value of α/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 measurement, as follows: 

22 BPw +=        (C.4) 

 

Measurement data are reported as wx ±  at 95% confidence. 

 

Uncertainty in a variable R is computed by making measurements of m different 

variables: z1, z2, ….zm, as follows: 

 

2

z
m

2

z
2

2

z
1

R m21
w

z

R
...w

z

R
w

z

R
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∂
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∂
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∂
∂=    (C.5) 

 

 

C.2 Uncertainty in Sauter Mean Diameter of n-Heptane Spray 

Fuel = n-Heptane; Heated coflow condition 

Equivalence ratio = 0.3 

Fuel = 6 ml/min 

Measurement location: 

Axial location = 2.5 cm upstream of evaporation porous medium entry surface 

Radial = 1 mm from the spray core 

 

 

 



 257

Data: 

Trials 
SMD, 

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 surface of evaporation porous medium = 6 

cm 

 

Data: 

Sample 
Extinction 
Equivalence rate  

Trial 1 0.354 
Trial 2 0.295 
Trial 3 0.354 
Trial 4 0.354 
Trial 5 0.354 
Trial 6 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 

dip = 6 cm 

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 φ CO CO2 NO O2 
  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 

Uncertainty 
430 ± 
147.3 

2.45 ± 
0.06 

17.5 ± 
5.02 

17.22 ± 
0.11 
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Appendix D 

Nomenclature 

 

English Symbols 

a Absorption coefficient 

cp Heat capacity (J/kg-K) 

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

d Diameter (m) 

dip Distance between the location of the injector and leading surface of the 

evaporation porous medium and (m) 

do Most probable droplet diameter (m) 

gx Gravitational force acting along the x direction (N) 

h Convective heat transfer coefficient (W/m2-K) 

hfg Latent heat (J/kg) 

hv Volumetric convective heat transfer coefficient (W/m3-K) 

k Thermal conductivity (W/m-K) 

kc Mass transfer coefficient (m/s) 

l Length of porous medium (m) 

m Mass (kg) 

m&  Mass flowrate (kg/s) 

n Refractive index 

p Static pressure (N/m2) 
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r Radial or transverse coordinate (m) 

r
r

 Position vector 

s Path length 

s
r

 Direction vector 

's
r

 Scattering direction vector 

t Time (s) 

tchem Characteristic chemical time (s) 

tp Thickness of porous medium (m) 

tres Spray residence time in evaporation section (s) 

u  Axial component of velocity (m/s) 

v  Radial component of velocity (m/s) 

w Half-width of the evaporation test section (m) 

x Axial coordinate (m) 

A Surface area (m2) 

C2 Inertial Coefficient (1/m) 

CD Drag Coefficient 

Ci,α Vapor concentration in bulk gas (kgmol/m3) 

Di,m Diffusion coefficient of vapor (m2/s) 

Da Damköhler number 

FD Drag force (N) 

HS Volumetric heat source supplied to the porous medium (W) 

I Radiation intensity 

K1 Ergun constant 1 
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K2 Ergun constant 2 

L Length of computational domain (m) 

Mw,i Molecular weight of ith species (kg/kgmol) 

N Total number of species considered 

Nu Nusselt number 

Nuv Volumetric Nusselt number 

Oh Ohnesorge number 

Pr Prandtl number 

Qin Volumetric heat input rate to simulate combustion heat feedback (W/m3) 

R Radius of the computational domain (m) 

Re Reynolds number 

S Swirl number 

Sc Schmidt number 

Sfd Source term in the gas-phase momentum conservation equation due to the 

presence of porous medium 

Sfp Source term in the gas-phase momentum conservation equation due to droplet 

momentum exchange 

Si Source term of the ith species in the species conservation equation due to 

droplet vaporization 

SL Laminar flame speed 

Sm Source term in the continuity equation due to droplet vaporization 

T Temperature (K) 

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

We Weber number 

Y i Mass fraction of ith species 
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Greek Symbols 

α Permeability (1/m2) 

β Coefficient of thermal expansion 

δ Laminar flame thickness 

∆t Time step in the liquid phase calculations 

ρ Fluid density (kg/m3) 

ρs Density of the solid (kg/m3) 

ε Porosity 

µ Viscosity (Ns/m2) 

φ Overall equivalence ratio 

σ Stefan-Boltzmann constant (5.672 ×10-8 W/m2-K4) 

σs Scattering coefficient 

Φ Phase function 

Ω’ Solid angle 
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Subscripts 

d Droplet 

eff Effective 

f Fluid 

g Gas-phase 

p Pore 

s Solid 

t Turbulent 

∞ Bulk gas (i.e., coflow air) 

 

 

Superscripts 

- Mean quantity 

‘ Fluctuation quantity 
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List of Abbreviations 

CO  Carbon monoxide 

CO2  Carbon dioxide 

CPM  Combustion porous medium 

EPM  Evaporation porous medium 

HFR  Heat feedback rate 

NDIR  Non-dispersive infrared 

NO  Nitric oxide 

NOx  Nitric oxide (NO + NO2) 

O2  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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Appendix E 
 
 

NUMERICAL MODELING OF EVAPORATION PROCESS IN POROUS  
MEDIA FOR GAS TURBINE APPLICATIONS 

 
Chendhil Periasamy1, Sathish K. Sankara Chinthamony1, and S. R. Gollahalli2 

Combustion and Flame Dynamics Laboratory 
School of Aerospace and Mechanical Engineering 
The University of Oklahoma, Norman, OK-73019 

 
 

ABSTRACT 
 
A simplified numerical model for analyzing the 
evaporation processes in porous media for gas 
turbine applications has been developed.  
Evaporation of a pointwise-injected kerosene 
spray in a carbon-carbon porous medium is 
considered.  The computational model consists 
of a two-dimensional domain of dimensions 
20.32x4.04 cm.  A control-volume based 
discretization method is adopted to solve the 
governing equations.  The porous medium offers 
resistance to the flow of air-fuel mixture and is 
modeled as a momentum sink.  Non-Darcy flow 
in porous medium is considered and the viscous 
and inertial contributions are evaluated using a 
modified Ergun equation.  The transient and 
conduction flux terms in the energy equation are 
modified to account for the heat transfer in 
porous medium.  Energy feedback from 
combustion porous media is also simulated using 
a source term.  The effects of porous medium 
temperature, fuel flow rate, air inlet temperature 
and porous medium geometry on the evaporation 
of spray have been analyzed.  For the size under 
consideration, a porous medium heat source of 
642 W is required to achieve 97 % complete 
evaporation for an air inlet temperature of 473 K.  
The concentration of fuel vapor is found to be 
higher in the core region due to the nature of 
point injection.  Simulations using different flow 
rate conditions show that a stronger heat source, 
in turn higher energy feed back, is required to 
attain complete vaporization.  Approximately a 
62 % stronger heat source is required when the  
 
Keywords: Porous media, Liquid fuel, 
Evaporation, Numerical modeling 
 
1Graduate Research Assistant, Student Member 
AIAA 
2Associate Fellow AIAA, Lesch Centennial 
Chair 

 
fuel flow rate is increased from 0.24 to 0.48 
mg/s.  The increase in air inlet temperature is 
found to accelerate the evaporation process.  At 
higher air inlet temperatures (573 K), the fuel is 
vaporized as soon as it gets injected.  
Evaporation characteristics are not found to vary 
much with porous medium geometry, as the 
porous medium is modeled as a momentum sink.  
Thermal effects of porous media are found to be 
more dominant in this study. 
 

INTRODUCTION  
 
Spray combustion is a common method of 
energy production using liquid fuels and it is an 
important mode of combustion in gas turbines.  
Current research on the gas turbines has been 
directed to the development of the engines with 
higher combustion efficiency and lower emission 
level.  Combustion in porous media (PM) is a 
potential technique for reducing NOx and CO 
emissions and improving the power density.  It 
also possesses several other advantages such as 
extension of lean flammable limits, stable 
operation over a wide range of loads, and 
uniform mixing of fuel/air mixture.  In the 
present study, a simplified computational model 
for analyzing the evaporation processes in 
porous media for gas turbine applications has 
been described. 
 
Weinberg1 showed that the recirculation of heat 
energy from reaction zone to the unburned 
mixture offers a number of benefits such as 
extension of lean flammability limits, increase in 
reaction rate, burning of low-grade fuels etc.  
The burners designed based on this concept can 
operate under locally higher enthalpy conditions 
than that of adiabatic ones.  Such types of 
combustion systems are termed as ‘excess 
enthalpy flames’.  Experimental investigations of 
Kotani and Takeno2 proved that the insertion of a 

Copyright © 2004 by S.R. Gollahalli.  Published by the American Institute of Aeronautics and 
Astronautics, Inc., with permission 

Presented at 42nd AIAA Aerospace Sciences Meeting, Reno, NV, January 2004
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porous solid in the reaction zone makes the heat 
energy recirculate into the unburned mixture.  
Subsequently, a variety of research and industrial 
porous burners have been developed and tested.  
The current knowledge on the fluid mechanics 
and heat transfer aspects of porous medium3-6 
helps us to measure the pressure drop, heat 
transfer coefficient, and radiative properties of 
the porous medium.  Quantification of such 
parameters in porous media has led the 
combustion engineers to develop compact and 
efficient porous burners.  In the past two 
decades, considerable amount of experimental 
and numerical work has been carried out on the 
combustion of gaseous fuels in porous media.  
Recently, Lammers and de Goey7 have 
conducted a numerical study on the flash back of 
the premixed flames, stabilized on the surface of 
a ceramic burner.  They have reported the 
stability diagrams and flash-back regimes.  
Howell et al.8 and Viskanta9 have presented a 
critical review of this subject. 
 
Combustion using liquid fuels has not been 
attempted until recently, owing to the belief that 
the liquid fuel could plug the medium.  But, the 
experimental study conducted by Kaplan and 
Hall10 has not shown any evidence for this 
phenomenon.  They tested various designs of 
heptane-fueled radiant burners to analyze the 
stable operating ranges and measured the 
emissions.  Stable combustion was achieved over 
the equivalence ratio range of 0.57-0.67.  The 
study reports that stability is primarily affected 
by the droplet size and the distance between the 
porous medium and nozzle.  Combustion was 
complete and the emissions were found to be as 
low as 3-7 ppm and 15-20 ppm for CO and NOx 
respectively.  Later, Jugjai et al.11 supplied 
kerosene fuel dropwise, using a syringe, in an 
effort to understand the evaporation mechanism 
inside the porous burner.  The combustion 
characteristics were also obtained by measuring 
the temperature profile.  The flame stabilization 
was achieved by inducting a stream of swirling 
air.  Complete vaporization was reported.  The 
effects of equivalence ratio, optical thickness of 
the porous medium and thermal input on 
combustion characteristics were also determined.  
Haack12 studied the evaporation and combustion 
of droplets in porous media numerically.  Effects 
of radiative heat transfer have been described 
with respect to single-droplet conditions and 
flame speeds have been determined.  However, 

the implementation of porous medium 
combustion for gas turbine combustor 
applications is still in its infancy. 
 
In gas turbine combustion systems, the pre-
combustion events are very crucial and 
understanding them helps simplifying the 
complexities involved in the combustion 
processes.  Such physical processes can be 
broadly divided into two regimes, namely, 
evaporation and mixing.  Porous medium can be 
used to enhance evaporation and mixing, apart 
from improving combustion characteristics.  In 
porous media combustion experiments, generally 
two porous media are placed in the chamber, one 
(combustion porous media, CPM) in the reaction 
zone, and the other (evaporation porous media, 
EPM) in the upstream of the reaction zone.  A 
typical setup is shown in Fig. 1.  CPM is heated 
during combustion and establishes a heat 
feedback to EPM by radiation.  The heated EPM 
medium enhances the evaporation of liquid spray 
injected onto it.  Small-scale turbulence, which is 
inherent to the porous media, improves the 
mixing.  Since EPM is heated, it also preheats 
the vapor-air mixture and hence prepares 
uniform flammable mixture for combustion. 
 

THEORY  
 
This section describes the governing equations 
and solution procedure employed for the 
evaporation process in porous media.  Equations 
for porous media and droplet phase are added to 
the gas phase equations and the resultant 
equations are solved. 
 
Permeability Model 
 
Pressure drop across the porous medium and the 
permeability of the porous media are related by 
flow rate, properties of the fluid, and the 
geometry of the medium3.  Development of an 
analytical equation for pressure drop is a 
daunting task because of the complex structure 
of the medium.  However, semi-empirical 
relationships do exist in the literature3,5.  At low 
flow rates, the pressure drop is proportional to 
the viscous forces and the flow obeys Darcy’s 
law.  But under high flow rate conditions, the 
inertial forces also contribute to the pressure 
drop and warrant the use of Forchheimer 
equation.  Often, the pressure drop data at 
different flow rates are obtained and least-square 
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fits are made to fit the data in the following 
format: 
 
( )

BuA
u

L/p +=∆
   (1) 

where A and B are correlation coefficients. 
 
In this work, the modified Ergun Equation4 
shown below, is used to model the permeability 
of the medium: 
 

( ) ( ) 2
3

p

2
32
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2
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d

1K
u

d

1K

L

p

ε
ε−ρ

+
ε

µε−
=

∆
 (2) 

where K1 and K2 are Ergun constants. 
 
Model Assumptions 
 
In order to simplify the modeling process, the 
following assumptions are made: 
 

(1) Local thermal equilibrium between the 
porous medium and the liquid spray is 
assumed.  This eliminates the need for 
solving two energy equations. 

(2) No radiative heat transfer from the 
porous medium is considered. 

(3) Porous medium is modeled as a 
momentum sink.  The effects of pore 
velocity are included in the source/sink 
term and the governing equations are 
written in terms of gas phase velocity. 

(4) Effects of porous medium on 
turbulence generation or dissipation are 
neglected. 

(5) Effects like film formation in the 
porous medium and fuel pyrolysis are 
neglected. 

 
Governing Equations 
 
Since liquid fuel is injected into a solid medium 
in the presence of co-flow air, a set of multi-
phase governing equations is necessary to 
completely represent the problem.  Based on the 
assumptions stated, the governing equations can 
be written as follows: 
 

Continuity Equation 
 

mdSv
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∂
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   (3) 

 

where Smd is the mass source term due to droplet 
vaporization. 
 

Momentum Equation 
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   (4) 

 
where Sfp and Sfd are the source terms caused by 
porous media and droplet vaporization 
respectively. 
 
The porous media source term depends on its 
permeability of the medium to the fuel-air 
mixture and is given the following form: 
 








 ρ+
α
µ−= 2

2fp u
2

1
CuS    (5) 

 
In Equation 5, the first term represents the 
pressure drop due to viscous force and the 
second one accounts for the inertial force.  The 
unknown quantities permeability and the inertial 
coefficient are calculated from the modified 
Ergun equation (by comparing Equations 2 and 
5). 
 

Energy Equation 
 
Heat transfer in porous media region is modeled 
by introducing a thermal inertia of solid region 
on the medium (in the transient term) and by an 
effective thermal conductivity in the conductive 
flux.  The resultant energy equation is given 
below: 
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     (6) 
 
Effective thermal conductivity, keff is calculated 
as a volumetric average between solid and gas 
phases, as shown in Eq. 7.  
 

( ) tsfeff kk1 +ε−+εκ=κ    (7) 
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where kt is the turbulent thermal conductivity, 
which is calculated for non-porous regions as 

t

tp

Pr

c µ
.  In porous region, it is assumed to be 0 

and in non-porous regions, it is set to 1.  Shp is 
the interphase exchange source term due to 
droplet vaporization. 
 

Species Conservation 
 
Species conservation for evaporated liquid can 
be given as: 
 

( ) ( ) iiii SJYvY
t

+⋅−∇=ρ⋅∇+ρε
∂
∂ rr

  (8) 

 
where Si is the contributions from dispersed 
phase.  The present study deals with evaporation 
and mixing, and hence no reaction is considered, 
only heat and mass transfer are considered.  The 

diffusion flux of ith species iJ  is calculated as, 

for turbulent flows: 
 

i
t

t
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 µ
+ρ−=    (9) 

 
Droplet Heating and Vaporization 

 
When the droplet temperature is lower than its 
critical vaporization temperature (a numerical 
property to trigger the vaporization process), heat 
is transferred to the droplet from the hot 
surroundings and the droplet is heated 
transiently.  No mass is transferred from the 
droplet.  If the droplet reaches the critical 
vaporization temperature, mass transfer occurs 
and the droplet size starts to decrease. This 
process continues to occur until it reaches its 
boiling point or the volatile fraction is 
completely consumed. 
 
The heat transfer to the droplet during these 
processes is given as: 
 
Heating: 
 

( )dd
d

d,pd TThA
dt

dT
cm −= ∞   (10) 

 
 
 

Vaporization: 
 

( ) fg
d
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Heat transfer coefficient is evaluated from Ranz 
and Marshall type correlations13,14. 
 
Mass transfer: 
 
The molar flux of droplet vapor into the 
continuous phase (Ni) is evaluated as follows: 
 

)CC(kN ,is,ici ∞−=    (12) 

 
Mass transfer coefficient, kc, is evaluated from 
Nusselt number correlation13,14, which is given 
below. 
 

m,i

dc3/12/1
d D
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ScRe6.00.2Nu =+=  (13) 

The concentration of vapor at the droplet surface 
(Ci,s) is calculated by assuming the partial 
pressure of vapor at the interface between droplet 
and continuous phase is equal to the saturated 
vapor pressure.  The reduction in mass is then 
computed according to the following equation: 
 

tMAN)t(m)tt(m i,wdidd ∆−=∆+  (14) 

 
Droplet Boiling 

 
When the droplet reaches its boiling point, a 
convective boiling rate equation15 shown below, 
is applied. 
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The boiling condition requires that the 
continuous phase temperature be greater than the 
droplet temperature.  Also, the droplet 
temperature remains fixed during boiling. 
 
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 
inlet air was preheated to 473 K. 
 
Droplet stream: Kerosene droplets (treated as a 
single-component liquid of C12H23) were injected 
at 20 m/s with a mass flow rate of 0.24 mg/s.  
The droplet diameter was taken to be uniform 
(no variation in droplet diameter is considered) 
and equal to 50 µm.  Duration of injection was 1 
s.  All the droplet properties were monitored at 
10 ms interval. 
 
Grid Generation 
 
A 2D rectangular geometry (shown in Fig. 2) of 
size 0.0404 x 0.2032 m is considered for the 
study.  Cartesian type, rectangular, uniform grid 
with 10 points per centimeter is generated using 
a commercial grid generation code Gambit.  
Shown in Fig. 3 is the computational grid 
employed in this study. 
 
Solution Procedure 
 
Governing differential equations are integrated 
about each control volume.  This process yields a 
set of algebraic equations that conserve a 
quantity on a control-volume basis.  The 
resultant algebraic equations are then solved 
numerically.  Pressure and velocity coupling is 
achieved using SIMPLE algorithm16.  
Momentum, energy, turbulence and species 
transport equations are discretized using the 
First-order upwind scheme.  Temporal 
differencing is achieved by second-order implicit 
method. 
 
Coupling Between Continuous and Discrete 
Phases 
 
When a particle stream passes through the 
control volume, heat, mass, and momentum 
exchange take place between the droplet stream 
and continuous phase.  The exchange terms are 
calculated by coupling the discrete phase and 
continuous phase calculations.  These appear as 
source or sink terms in the continuous phase 
governing equations. 
 
The above-mentioned calculations for 
continuous and discrete phases are performed 
using a commercial solver Fluent 6.0. 
 
 

RESULTS AND DISCUSSION 
 
In this section, the results obtained using the 
simplified numerical model are discussed. 
Properties of the Porous Medium 
 
The porous medium properties are obtained from 
the manufacturer’s (ULTRAMET) catalog12.  
The important physical properties are listed in 
Table 1. 
 
 

Table 1 Important physical properties of the 
porous medium 

 
Property Value 

Porosity (approx.) 0.87 
Pore size, micrometers 190 
Pores Per Centimeter 31.5 
Thermal conductivity at 200o 
C (W/m K) 

1 

Cp, J/kg-K 1422.6 
Bulk Density, kg/m3 320 
 
 
Grid Sensitivity Analysis 
 
Different grid sizes of 16x80, 32x160, 40x200, 
48x240, 64x320, and 80x400 were tested and the 
vapor concentration profiles were obtained at an 
axial distance of 0.19 m.  The result is given in 
Fig. 4.  Solutions obtained using the grid sizes 
above 40x200 were found to be insensitive to the 
grid sizes employed.  A grid size of 40x200 was 
therefore used in this study. 
 
Droplet Transient Heating 
 
The raise in droplet temperature along the 
centerline due to transient heating is shown in 
Fig. 5.  The porous medium temperature and air 
inlet temperature were 596 K and 473 
respectively.  It can be seen from Fig. 5 that the 
droplets are heated to 470 K before they enter the 
porous media.  This heating is provided by the 
preheated co-flow air.  However, this alone is not 
sufficient for complete vaporization.  Additional 
energy input was supplied by porous medium 
and the droplets were brought to their boiling 
point. 
 
 
 
 



 271

Effect of Porous Medium Temperature 
 
In actual combustion experiments, the energy 
feedback from combustion porous media heats 
the evaporation porous media.  Since the present 
study deals with evaporation and does not model 
combustion, different temperatures for porous 
medium are achieved by introducing an energy 
source term in the porous medium.  Fig. 6 shows 
the temperature attained by the medium as a 
function of heat source.  In all the simulations, 
air inlet temperature was held constant at 473 K.  
The porous medium heat source was varied from 
40 to 642 W and accordingly the temperature 
achieved by the porous medium was between 
480 K and 596 K.  In all the cases, vapor 
concentration profiles were obtained at x=0.19 
m.  Fig. 7 shows the vapor concentration profiles 
as a function of normalized transverse distance.  
It can be seen that the vaporization increases 
with increase in porous medium temperature.  
This is due to the thermal effects of the medium.  
For a complete vaporization case (i.e. 97 % of 
the injected fuel is vaporized and the rest are still 
within the domain in liquid phase), the vapor 
concentration profiles taken at x=0.08, 0.13, 
0.15, and 0.19 m are shown in Fig. 8.  This 
shows that only about less than 5 % vaporization 
takes place before the porous medium.  The 
vaporization increases considerably towards the 
exit of the porous medium (40 %) and attains 
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 of 
point injection.  However, it can be seen from 
Figs. 7 and 8 that the vapors start to diffuse 
radially. 
 
The effect of heat source strength on percent 
mass evaporation is shown in Fig. 9.  When a 
heat source of 41 W is supplied to the porous 
medium, the maximum temperature reached is 
481 K.  In this situation, the droplet particles are 
heated up to 475 K.  It is observed that only 7.6 
% of the supplied fuel evaporates completely.  A 
further raise in heat source increases the 
completeness of evaporation.  When the supplied 
heat source is at 642 W, 97 % of the injected 
particles are evaporated. 
 
Effect of Fuel Flowrate 
 
The flow rates of co-flow air and kerosene were 
varied in order to attain different operating 

conditions.  Various such conditions simulated in 
this study are listed in Table 2.  For an overall 
equivalence ratio of 0.68, the complete 
evaporation was achieved when a porous heat 
source of 642 W was supplied.  Fig. 10 shows 
the effect of heat source on percentage mass of 
evaporation for different fuel flow rates.  As the 
fuel flow rate increases, it is found that a 
stronger heat source is required to completely 
vaporize the fuel.  A heat source of 932 W was 
required to maintain the complete evaporation 
when the fuel flow rate was 0.48 mg/s.  Under 
complete evaporation conditions, the radial 
profiles of vapor concentration at x=0.19 m for 
different flow rates are shown in Fig. 11.  When 
the equivalence ratio was increased from 0.68 to 
1.2, the peak vapor concentration was also 
increased by 62 %.  In practical combustors 
employing porous medium, when the fuel flow 
rate increases, the power output will also 
increase.  This could result in higher energy 
feedback from combustion porous media, which 
compensates the need for higher heat source. 
 

Table 2 Test conditions for flow rate analysis 
 

Air flow rate, 
kg/s 

Fuel flow 
rate, mg/s 

Equivalence 
Ratio 

0.005198 0.24 0.6766 
0.005854 0.36 0.9 
0.005854 0.48 1.2 

 
 
Effect of Inlet Air Temperature 
 
In this case, the heat source strength supplied to 
the porous medium was held constant and hence 
the temperature of the medium was fixed at 595 
K.  Air inlet temperature was varied from 373 K 
to 573 K and kerosene vapor concentration 
profiles were obtained.  The effect of air inlet 
temperature on the percentage evaporation is 
presented in Fig. 12 and the radial vapor 
concentration profiles at x=0.19 m for different 
inlet temperatures are given in Fig. 13.  At 373 
K, the droplets are found to be evaporating more 
in the porous medium than in the upstream 
section.  However, at higher air inlet 
temperatures, almost all the liquid is evaporated 
even before entering the porous medium, since 
the air temperature itself is sufficient to vaporize 
the fuel. 
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Effect of Porous Medium Geometry 
 
In this study, porosity and pore diameter are 
considered to represent the porous medium 
geometry.  Two different simulations were 
performed.  First, the porosity was varied from 
0.4 to 0.87 keeping the pore diameter constant at 
190 µm.  Next, the pore diameter was varied 
from 190 to 450 µm while keeping the porosity 
constant at 0.87.  In both the cases, the 
temperature of the medium was held constant at 
595 K.  The variations in vapor concentration 
and percentage mass evaporation were found to 
be not affected by the porous medium geometry.  
This could be due to the fact that this study treats 
the porous medium as a momentum sink and 
mainly the thermal effects are modeled here.  
Various values of porosity and pore size 
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. 
 
 

CONCLUSIONS 
 
A simplified computational model has been 
developed in this study to analyze the 
evaporation process in a porous medium.  Radial 
profiles of kerosene vapor concentration were 
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 
be more dominant in the evaporation process.  
However, in order to predict more realistic 
results, further research in this field is directed in 
the following areas: (1) accounting for the 
radiation from the porous medium, which leads 
to local thermal non-equilibrium (2) 
incorporation of more realistic porous models 
which includes turbulence generation inside the 
porous media. 
 
 

NOMENCLATURE  
 
cp,d Droplet heat capacity (J/kg-K) 
d Diameter (m) 
h Convective heat transfer coefficient 

(W/m2-K) 
hfg Latent heat (J/kg) 
k Thermal conductivity (W/m-K) 

kc Mass transfer coefficient (m/s) 
m Mass (kg) 
p Static pressure (N/m2) 
u Axial velocity (m/s) 
A Surface area (m2) 
C2 Inertial Coefficient (1/m) 
Ci,α Vapor concentration in bulk gas 
(kgmol/m3) 
Di, m Diffusion coefficient of vapor (m2/s) 

E Total energy (
2

vp
h

2

+
ρ

− ) 

L Length of porous medium (m) 
Mw,i Molecular weight of ith species 
(kg/kgmol) 
Re Reynolds number 
Sc Schmidt number 
Shp Porous heat source (W/m3) 
T Temperature (K) 
Ti Air inlet temperature (K) 
Tp Porous medium temperature (K) 
T∞ Local temperature of the gas phase (K) 
Yi Mass fraction of ith species 
 
Greek symbols 
 
α Permeability (1/m2) 
ρ Density (kg/m3) 
ε Porosity 
µ Viscosity (Ns/m2) 

τ  Stress tensor ( Iv.
3

2
)vv[( T rrr

∇−∇+∇µ ) 

 
 
 
Subscripts 
 
d Droplet 
eff Effective 
f Fluid 
p Pore 
s Solid 
t Turbulent 
∞ Bulk gas 
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Fig. 1 Typical Porous Media Setup in Gas 
turbine Combustors 

Fig. 2 Physical Geometry Considered for the 
Present Study 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Fig. 3 Grid Employed in the Study Fig. 4 Effect of Grid Size on Vapor 

Concentration at x = 0.19 m 
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Fig. 5 Variation of Droplet Temperature along 

the Centerline of the Domain (Tp=596K and 
T i=473K) 

Fig. 6 Effect of Porous Medium Heat Source 
on the Gas Temperature along the Centerline 

of the Domain 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 7 Effect of Porous Medium Heat Source 
on Evaporation at x = 0.19 m 

Fig. 8 Vapor Concentration Profiles at 
Different Axial Locations for a Porous 

Medium Heat Source of 642 W 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 Effect of Porous Medium Heat Source on 

the Completeness of Evaporation 
 

Fig. 10 Effect of Porous Medium Heat 
Source on Vaporization for Different Fuel 

Flow rates 
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Fig. 11 Effect of Fuel Flow rate on Vapor 
Concentration (Axial Location, x = 0.19 m) 

Fig. 12 Effect of Air Inlet Temperature on 
the Completeness of Evaporation 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13 Vapor Concentration Profiles at x = 0.19 m for 
Different Air Inlet Temperatures 
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ABSTRACT 
 

The evaporation characteristics of an 
air-blast atomized kerosene spray in porous 
media in a 2D-axisymmetric coflow environment 
were studied numerically.  A swirling primary 
air stream with varying intensity was used to aid 
the atomization process.  The effects of non-
Darcy flow in porous medium were modeled 
using a modified form of Ergun equation.  Local 
thermal equilibrium between the fluid mixture 
and porous medium was assumed.  Conductive 
and transient heat flux terms in the energy 
equation were modified to include the effective 
thermal conductivity and thermal inertia of the 
solid region respectively.  The effective thermal 
conductivity was defined as the volumetric 
average between solid and fluid media.  First, the 
temperature characteristics of the porous 
medium, arising from different source terms, 
were obtained.  Complete vaporization of 
kerosene was achieved when the maximum 
temperature of the porous medium was at 590 K.  
The effects of porous medium temperature, 
primary air swirl number, fuel flow rate, and 
secondary (coflow) air inlet temperature on 
vaporization were analyzed.  For all cases, 
kerosene vapor concentration profiles at 

 
 
* Graduate Research Assistant 
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five different axial locations in the domain (0.08, 
0.12, 0.13, 0.14, and 0.19 m from the nozzle) 
were obtained.  An increase in secondary air inlet 
temperature from 373 K to 473 K increased the 
completeness of evaporation from 94% to 97%.  
When the swirl number was increased from 0.14 
to 0.34, the peak vapor concentration was 
reduced by 31% and more vapor spread radially.  
The porous medium temperature was found to be 
a crucial factor in obtaining the complete 
vaporization of the spray. 
 
Key words: Porous media, evaporation, spray, 
and modeling. 
 
 
INTRODUCTION  
 
Porous media combustion, one of many modern 
combustion techniques, was developed mainly to 
reduce the emission level and increase power 
output of a combustor.  If a porous solid is 
inserted in the flame zone, the product gas 
enthalpy can be transferred upstream in turn, 
preheating the fresh air-fuel mixture.  This 
concept is described by Weinberg [1,2] and 
Takeno and his coworkers [3,4] and has been 
researched extensively in the recent past.  
Various studies reveal that combustion in porous 
media offers several benefits over open flames, 
such as reduced pollution level, compact burner 
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size, extended lean flammability limit, and 
increased reaction rate.  Review articles by 
Howell et al. [5] and Viskanta [6] and a book by 
Kaviany [7] are worth to mention.  However, 
most of the studies considered gaseous 
combustion [8-9].  Liquid fuel combustion 
constitutes a major portion in the power industry 
and thus the application of porous combustion to 
liquid fuels would lead to the potential 
development of more efficient engines. 
 

Experimental studies on liquid fuel 
combustion in porous media were performed by 
Kaplan and Hall [10] for heptane-fueled radiant 
burners.  Flame stability was found to be mainly 
affected by the droplet size and the distance 
between the porous medium and nozzle.  Stable 
combustion was achieved over an equivalence 
ratio range of 0.57-0.67 and the emissions were 
found to be as low as 3-7 ppm and 15-20 ppm 
for CO and NOx respectively.  However, no 
detailed evaporation characteristics were 
reported.  Jugjai et al. [11] conducted an 
experimental study using kerosene in a porous 
burner.  The effects of equivalence ratio, optical 
thickness of the porous medium and thermal 
input on combustion characteristics were 
reported.  Haack [12] numerically studied the 
evaporation and combustion of a single droplet 
in porous media.  The effects of radiative heat 
transfer from porous media on the evaporation 
and combustion characteristics were analyzed. 
 

In a previous paper [13], the authors 
have described a computational model for the 
evaporation of a point-wise injected kerosene 
spray in porous media.  In this paper, the 
computational model has been extended to air-
blast atomized spray evaporation in porous 
media.  The specific objectives are to study the 
effect of primary air (atomizing) swirl on the 
evaporation process and to obtain the vapor 
concentration profiles for different porous 
medium temperatures, secondary air inlet 
temperatures, and fuel flow rates. 
 
 
MODEL FORMULATION 
 

A 2D-axisymmetric computational 
model is employed in this study and it is similar 
to the one presented in Ref. 13.  Model 
assumptions, equations for permeability, and 
governing equations can be found in Ref. 13 and 

will not be repeated for brevity.  The porous 
media is represented as a source term (SF) in the 
gas-phase momentum equation.  The source term 
is given by, 
 








 ρ+
α
µ−= ii2iF vv

2

1
CvS  (1) 

 
where µ is the fluid viscosity, ρ is the fluid 
density, vi is the velocity component, α is the 
permeability, and C2 is the inertial coefficient. 
 
The permeability and inertial coefficient in Eq. 1 
are determined through a modified Ergun 
equation [13].  The inertial coefficient accounts 
for non-Darcy flow in the porous medium.  
Effective thermal conductivity of the porous 
medium is computed as a volumetric average 
between the gas and solid medium.  In the 
porous region, the conductive heat flux is 
modified to include the effective thermal 
conductivity and the transient term is modified to 
include the thermal inertia of the solid.  The 
convective heat transfer coefficient between the 
solid and fluid is assumed to be infinite (i.e., the 
assumption of local thermal equilibrium). 
 
Atomizer Model 
 

The air-blast atomizer model employed 
in this study is based on the Linearized 
Instability Sheet Atomization (LISA) model of 
Schmidt et al. [14].  This model neglects the 
nozzle internal details but relies on the external 
spray characteristics.  In this model, a primary 
swirling air stream is supplied though the nozzle 
along with the liquid.  The physical processes 
that convert the liquid into fully developed 
droplets can be thought of occurring in three 
stages: film formation, sheet breakup and 
atomization.  Film formation is due to the 
centrifugal action of the swirling air.  The liquid 
sheet breakup and formation of ligaments are due 
to the growth of long waves.  Further breakup of 
ligaments results in droplets, which is called the 
atomization.  Complete description about the 
LISA model can be found in Ref. 14.  The most 
probable diameter (do) is related to ligament 
diameter (dl) as follows: 
 

6/1
lo )Oh31(dd +=   (2) 
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In Eq. 2, the Ohnesorge number (Oh) is defined 

as Re/We , where We and Re are the liquid 
Weber and Reynolds numbers respectively.  The 
expression for swirl number (SN) of the primary 
air is given as follows [15]: 

)2/G(1

2/G
SN

−
=    (3) 

 
where G is the ratio between swirl velocity and 
axial velocity. 
 
Boundary Conditions 
 

Primary air stream: Air at 300 K was 
supplied through the atomizer at various swirl 
strengths.  In all the cases, the axial velocity 
component was held constant at 20 m/s and the 
swirl velocity component was varied to achieve 
different swirl numbers. 
 

Secondary air stream: This was supplied 
as a coflow stream and was preheated to 
different temperatures (373 K-473 K).  
Depending on the overall equivalence ratio of the 
mixture, the inlet air mass flow rate was fixed.  
For instance, a mass flow rate of 5.85 mg/s was 
used for an overall equivalence ratio of 0.6, and 
inlet temperature of 473 K.  The stoichiometric 
fuel-air mass ratio is 0.068. 
 

Droplet stream:  Kerosene was assumed 
to be a single-component liquid of C12H23.  A 4 
mm-diameter injector was used with the spray 
half angle of 15o.  The fuel flow rate was 0.24 
mg/s.  The maximum relative velocity between 
the atomizing air and liquid sheet was 80 m/s 
and the sheet breakup and ligament constants 
were 10 and 0.5 respectively. 
 
Grid Generation 
 

The physical geometry of the problem 
under study and the typical grid used are shown 
in Figs. 1 and 2 respectively.  The domain size is 
20 x 2 cm.  A grid size of 40x200 was selected.  
A commercial grid generation code Gambit, was 
used for this purpose.  The atomizer was located 
at x=0 and the distance between the atomizer and 
porous media was 0.127 m. 
 
 
 
 

Solution Methodology 
 

A finite-volume based solution 
procedure [16] has been adopted in this work.  
The convective terms in the momentum, energy, 
turbulence and species transport equations were 
discretized using the Power-Law scheme and the 
pressure-velocity coupling was achieved using 
the SIMPLE algorithm.  The heat and mass 
transfer from evaporating droplets were included 
via source and sink terms in the appropriate 
governing equations.  All the calculations were 
performed using a commercial solver Fluent 6.0. 
 

Since this model employs swirling flow, 
steady state calculations were performed first by 
introducing small swirl strength.  Then the 
desired swirl number was achieved in steps, 
ensuring convergence at all the steps.  Then the 
atomizer was turned on and unsteady 
calculations were performed. 
 
Grid Sensitivity Analysis 
 

Simulations were performed for 
different grid sizes of 16x80, 32x160, 40x200, 
48x240, and 64x320 and kerosene vapor 
concentration profiles were obtained at an axial 
location of 0.19 m.  The result is presented in 
Fig. 3.  In all the cases, the qualitative trend was 
similar and the predicted peak concentration 
varied from 0.05% to 13.44%.  Except the 16x80 
grid size, the solutions showed a clear grid 
independency (<8% variation in peak 
concentration).  So, striking a balance between 
the total run time and accuracy, a grid size of 
40x200 was chosen for further analysis. 
 
 
RESULTS AND DISCUSSION 
 

The computational model described in 
the previous section has been applied to the 
evaporation of kerosene sprays.  Detailed studies 
on the effects of porous medium temperature on 
the vapor concentration profiles have been 
performed.  The effects of primary air swirl 
number, secondary air temperature, and fuel 
flowrate were also analyzed.  This section 
discusses the results obtained. 
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Model Validation 
 

In order to quantitatively evaluate the 
model and further rely on its predictions, a 
benchmark case was first simulated.  The 
experimental data collected by Runge et al. [17] 
for a pure n-heptane single droplet with an initial 
diameter of 480 µm, evaporating in air at 24oC 
(ambient speed: 1 m/s) was used for this 
purpose.  The temporal variation of droplet 
diameter was obtained and presented in Fig. 4 
along with the experimental data and numerical 
predictions of Runge et al. [17].  Droplet 
diameter (D) was normalized by initial diameter 
(D0) and time (t) was normalized by the ratio of 
square of initial droplet radius (R0) and ambient 
kinematic viscosity (ν).  In Fig. 4, the symbols 
denote the experimental data [17], solid line 
denotes the numerical results [17] and the dashed 
line represents the present model.  Although the 
present model slightly underpredicts the 
experimental results, the diameter predictions 
agree quite well with the numerical work.  This 
trend also represents the standard D2-Law.  The 
validation of diameter predictions in turn 
validates the vapor concentration, owing to the 
fact that the droplet mass is conserved. 
 
Droplet Heating and Size Distribution 
 

After the droplets are released from the 
injector, they undergo three processes, namely 
heating, evaporation, and boiling.  Evaporation is 
initiated as soon as the droplets reach a preset 
vaporization temperature (341 K) and continues 
until the boiling point (477 K).  The droplet 
temperature distribution 30 ms after the injection 
is presented in Fig. 5.  No temperature variation 
within the droplet is considered in this work.  
The temperature of the droplets attains a value of 
433 K after 10 ms and finally reaches 477 K 
after 20 ms.  It should be noted that the droplets 
remain at 477 K while undergoing boiling.  This 
occurs in the porous media and gives rise to 
significant generation of vapor.  Fig. 6 shows the 
droplet diameter distribution of particles in the 
domain 30 ms after the injection.  Note that in 
both fig. 5 and 6, symbols are used to represent 
droplets and the respective field variable is used 
in the contours.  Fig. 6 suggests that the larger 
droplet particles are thrown away from the core 
as the spray propagates.  This is due to the 
presence of swirling air, which provides both 
axial and tangential momentum to the droplets. 

Effect of Porous Medium Temperature and 
Discussion on Vapor Concentration Profiles 
 

First, different porous medium heat 
input rates were supplied and the temperature 
characteristics were obtained.  Fig. 7 shows the 
axial temperature variation as a function of heat 
input rate.  Recall that in this study local thermal 
equilibrium is assumed and hence the 
temperature attained by the gas is equal to that of 
solid phase.  It can be seen from Fig. 7 that the 
peak temperature reaches ~580 K when a heat 
source of 780 W is supplied.  Once the 
temperature characteristics were obtained, the 
heat source was varied from 325 W to 732 W 
and vapor concentration profiles were obtained.  
Figs. 8(a)-8(d) show the radial vapor 
concentration profiles taken at five different 
axial locations (x=0.08m, 0.12m, 0.13m, 0.14m, 
0.19m) for four different heat sources.  Though 
the evaporation starts to occur in the upstream of 
the porous zone, significant evaporation takes 
place only in the porous region and thereafter.  
When the heat source was increased from 325 W 
to 732 W, the increase in peak vapor 
concentration was 20-30% between the upstream 
and downstream of the porous zone (i.e., 
between x=0.08 m and 0.19 m).  Also, in the 
downstream of the porous zone, the vapors tend 
to diffuse radially.  Such distribution of vapor 
concentration in the domain is due to the 
combined effects of air-blast atomization and 
internal swirl air.  In addition, the porous 
medium, by itself can distribute the mixture 
uniformly.  But, the present computational model 
does not employ the pore-level details and 
account for the droplet-solid interaction and thus 
these effects are not explicitly seen. 
 

Figure 9 shows the radial vapor 
concentration profiles for different heat sources 
at an axial location of x=0.19 m.  The vapor 
distribution trend remains same for all the cases.  
However, due to the stronger heat source, the 
peak concentration increases by 7.6%.  Fig. 10 
shows the temporal evolution of vapor 
concentration profiles for a heat source of 732 W 
and at x=0.19 m.  The droplets need some time 
to travel through the domain and establish a 
vapor concentration pattern.  This happens until 
about 30 ms after injection.  During this period, 
the vapor concentration is negligible.  Then it 
starts to build up.  However, there is no uniform 
pattern followed.  This could be due to the 
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random distribution of droplets and each droplet 
attains steady evaporation at different time.  Of 
all the droplets injected, some droplets evaporate 
completely before leaving the domain and the 
rest partially evaporate and escape the domain 
with some unevaporated liquid.  The summation 
of these two masses gives an indication of 
completeness of evaporation.  The percentage 
completion of vaporization is presented in Fig. 
11 as a function of porous heat source.  From the 
figure it can be seen that the percentage 
completion increases, as the porous heat source 
increases. 
 
Effect of Swirl Number 
 

Swirl number of the primary air was 
varied from 0.14 to 0.34 while holding the 
porous medium heat source and secondary air 
inlet temperature constant.  The radial 
concentration profiles at x=0.19 m were obtained 
and plotted in Fig. 12.  As the swirl number 
increases, the peak value tends to lower and the 
flattening of the curve starts to occur.  It is worth 
to mention that when the swirl number was 
increased, the axial velocity component was held 
constant and the swirl velocity was increased.  
As the swirl number increases, the droplets tend 
to spread more radially and results in the 
lowering of peak vapor concentration.  The 
observation from Fig. 6 shows that the smaller 
particles are present in the core region.  This 
means that the droplets at the core could have 
undergone evaporation.  This is in good 
qualitative accordance with vapor concentration 
profiles (e.g., Fig. 8), where the peak 
concentration occurs in the core region and it 
decreases radially towards the end. 
 
Effect of Secondary Air Inlet Temperature 
 
 For a fixed porous medium heat source 
and primary air swirl number, the secondary air 
inlet temperature was varied from 373 K to 473 
K and vapor concentration profiles were 
obtained.  The results are plotted in Fig. 13.  The 
figure shows an increase in vaporization when 
the inlet temperature increases even though the 
porous medium heat source is constant.  This is 
due to the fact that the secondary air also 
contributes to the evaporation.  However, the 
secondary air by itself is not sufficient and may 
not always be preheated and thus necessitating 
the use of heated porous media. 

Effect of Fuel Flowrate 
 

Two fuel flowrates of 0.358 mg/s and 
0.478 mg/s corresponding to overall equivalence 
ratios of 0.9 and 1.2 respectively were used.  The 
secondary air inlet temperature was 473 K and 
primary air swirl number was 0.2.  The radial 
vapor concentration profiles are shown in Fig. 
14.  The vapor distribution pattern remained 
same for both the cases and however, higher 
vapor concentrations were obtained for higher 
flow rates.  Approximately 32% higher value 
was obtained for peak concentration for a fuel 
flow rate of 0.478 mg/s.  This conforms the fact 
that the equivalence ratio was also increased by 
33.33% when going from 0.9 to 1.2. 
 
 
CONCLUSIONS 
 

In this paper, a computational model 
capable of predicting the spray evaporation 
characteristics in porous media has been 
described.  The effects of porous medium 
temperature, primary air swirl, secondary air 
inlet temperature, and fuel flow rate were 
analyzed.  When the heat source temperature was 
increased, the increase in peak vapor 
concentration was 20-30% from porous upstream 
to downstream and 7.6% at x=0.19 m.  The 
primary air swirling spreads the droplets and 
thus the vapor more radially.  The porous 
medium temperature and hence the thermal 
effects were found to be crucial factors in 
obtaining the complete vaporization of the spray. 
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Fig. 1 Physical Geometry 
Considered for the Present Study. 

Fig. 2 Typical Grid Used in the Study. 
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Fig. 5 Temperature Distribution of Droplets (30 ms after injection). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6 Distribution of Droplet Sizes from the Air-blast Atomizer (30 ms after injection). 
 

Fig. 3 Effect of Grid Size on Radial Vapor 
Concentration (x=0.19 m). 

Fig. 4 Validation of Temporal Variation of 
Diameter for a Single Pure n-Heptane 

Droplet with Ref. 17. 
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Fig. 7 Relationship between Porous Heat Source and Centerline Gas Temperature (SN=0.2). 
 
 
 
 
 
 
 
 
 
 

8 (a) 8 (b) 8 (c) 8 (d) 
Fig. 8 Effect of Porous Medium Temperature on Vapor Concentration. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 9 Effect of porous medium temperature 

on vapor concentration x = 0.19 m. 
Fig. 10 Temporal Evolution of Vapor 
Concentration (HS=732 W, x=0.19 m). 
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Fig. 11 Effect of Porous Heat Source on the 
Extent of Completeness of Evaporation. 

Fig. 12 Effect of Atomizing Air Swirl Number on 
Vapor Concentration (HS=732 W, x=0.19 m). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 13 Effect of Air inlet Temperature on 
Vaporization (HS=732 W, SN=0.2, x=0.19 m). 

Fig. 14 Effect of Fuel Flowrate on Vapor 
Concentration (HS=732 W, SN=0.2, x=0.19 m). 
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ABSTRACT 
 
 The situations such as rapid 
evaporation, and significant heat 
generation/convective heat transfer, typically 
encountered in liquid-fueled porous media 
combustors, warrant the use of local thermal 
non-equilibrium models.  Knowledge of fuel 
vaporization and mixing is important to 
understand the combustion characteristics.  In 
this paper, a two-energy equation model is 
presented to account for the non-equilibrium 
between the solid and liquid phases.  In this 
approach, two energy equations for solid and gas 
phases were solved.  Kerosene fuel, issued from 
an air-blast atomizer, was injected on to a heated 
porous medium.  Governing equations were 
applied on a 2-D axisymmetric, computational 
domain of 20.3 cm x 2.5 cm.  Computer 
simulations were conducted using a commercial 
code Fluent 6.0.  Heat transfer from combustion 
porous medium was simulated by setting a 
volumetric heat source in the porous region.  
Accordingly, the peak temperatures in porous  
 
Key words: Porous media, evaporation, local 
thermal non-equilibrium, and two-energy 
equation model. 
 
* Graduate Research Assistant 
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media varied from 473 K to 590 K.  Axial 
temperature profiles within the porous media 
were obtained with equilibrium and non-
equilibrium models.  Results indicated that the 
equilibrium models slightly underpredicted the 
peak temperature.  Using non-equilibrium 
models, radial profiles of kerosene vapor 
concentration were obtained at different axial 
locations and the results showed that the thermal 
effects of the porous medium dominated in the 
evaporation process.  Numerical results were 
also compared with available data and the 
agreement was found to be good. 
 
 
NOMENCLATURE  
 
c Heat capacity (J/kg-K) 
dp Pore diameter (m) 
hv Volumetric convective heat transfer 

coefficient 
(W/m3-K) 

k Thermal conductivity of fluid (W/m-K) 
p Static pressure (N/m2) 
v Velocity vector (m/s) 

E Total energy (
2

vp
h

2

+
ρ

− ) 

HS Porous medium heat source (W) 
Ji Diffusion flux of ith species (kg/m2s) 
Nu Nusselt number 
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Pr Prandtl number 
Rep Pore Reynolds number 
T Temperature (K) 
Ti Coflow air inlet temperature (K) 
 
Greek symbols 
 
ρ Density (kg/m3) 
ε Porosity 
φ Overall equivalence ratio 
 
Subscripts 
 
g Gas 
s Solid 
v Volumetric 
 
 
INTRODUCTION  
 

Combustion in porous media is a 
relatively new technique, which could potentially 
reduce the emissions of nitric oxide (NOx) and 
carbon monoxide (CO), while improving the 
combustion efficiency.  It offers several 
advantages such as extension of lean flammable 
limits, stable burner operation over a wide range 
of loads, and delivery of homogeneous fuel/air 
mixture.  Fuels with low-calorific values can also 
be burned effectively.  Attracted by these 
benefits, considerable amount of research [1-9] 
has been done in the past decade to understand 
the combustion characteristics of gaseous fuels 
in porous media.  Howell et al. [3] and Viskanta 
[4] presented comprehensive reviews on this 
research area.  The authors reviewed the 
correlations for estimating the heat transfer 
properties of porous media.  CO and NOx 
emissions and radiant thermal efficiency were 
presented as functions of flame speed [3].  
Aspects of computational modeling were also 
highlighted. 
 

Bouma and de Goey [5] reported an 
experimental and numerical study on premixed 
combustion on ceramic foam burners.  Solid and 
gas temperatures, and CO and NO emissions 
were predicted and compared with experiments.  
CO and NO concentrations were found to 
increase with an increase in thermal load.  
Henneke and Ellzey [6] modeled the filtration 
combustion of methane in packed beds with 
detailed chemical kinetics.  Transient simulations 
were performed and solid and gas temperatures 

and mass fractions of methane (CH4), carbon 
monoxide (CO), and carbon dioxide (CO2) were 
presented along the axial direction of the burner.  
Simulation results showed that the wave 
propagation was affected by gas-phase 
dispersion at equivalence ratios above 0.6.  
Leonardi et al. [7] performed theoretical and 
experimental investigations on combustion in 
submerged flame metal fiber burners/heaters.  
Results showed that the exit gas temperature and 
radiation efficiency of the burner increased, 
when the firing rate and equivalence ratio (0.9-
1.1) were increased.  2-D direct numerical 
simulations and volume-averaged simulations 
were carried out by Sahraoui and Kaviany [8] for 
methane/air porous burners.  They showed that 
the conduction through the porous medium was 
significant and influenced the flame structure 
and flame speed.  The flame speed increased as 
the ratio of thermal conductivities of solid to gas 
increased and it decreased as the porosity was 
decreased.  Rumminger et al. [9] predicted the 
gas temperatures above a porous burner and 
compared them with experimental values.  
Temperature measurements were obtained using 
an uncoated type-K thermocouple, OH-LIF, and 
laser absorption techniques.  Results indicated 
that all of methane was consumed within the 
porous medium at a firing rate of 315 kW/m2 and 
at an equivalence ratio of 0.9. 
 
 Alazmi and Vafai [10] presented a 
comprehensive analysis of various models used 
for studying the transport processes through 
porous media.  Models with constant porosity, 
variable porosity, thermal dispersion, local 
thermal non-equilibrium were analyzed.  Results 
showed that the differences between constant 
porosity and variable porosity models were 
negligible.  Differences among the local thermal 
non-equilibrium models were significant only in 
the entry region.  However, the models 
employing the dispersion effects showed 
different results depending on the inertia 
parameter.  Local thermal non-equilibrium 
models for heat transfer have been investigated 
by several researchers [11-13].  Nakayama and 
his coworkers [11-12] developed correlations for 
the interfacial convective heat transfer 
coefficient for two-energy equation models using 
volume-averaged form of energy equation for 
solid and gas phases.  For one-dimensional 
problems, the equations were simplified to a 
fourth order ordinary differential equation.  Fluid 
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and solid temperature distributions in the porous 
medium were predicted.  A complete description 
of heat and mass transfer phenomena in porous 
media can be found in Refs. 14 and 15. 
 
 Combustion of liquid fuels in porous 
media, however, has not received considerable 
attention.  Only a few studies [16-20] have been 
performed to understand the combustion 
characteristics.  Jugjai and Polmart [16] 
described a novel, down-flow, atomizer-free 
porous burner.  Axial temperature profile in the 
porous burner and emitter was measured.  
Effects of heat input, equivalence ratio, porous 
bed height, and the distance between porous 
burner and emitter on combustion characteristics 
were analyzed.  Stable combustion was achieved 
at as low as an equivalence ratio of 0.2.  NOx 
emissions were lower than 160 ppm and CO 
emissions were found to be dependent on the 
operating conditions and porous bed emitted 
length.  Kaplan and Hall [17] conducted an 
experimental study using liquid fuels in porous 
media.  Four different designs of heptane-fueled 
radiant burners were tested to analyze the stable 
operating ranges and measure the emission 
characteristics.  An air-blast atomizer was used 
to atomize the fuel.  Stable combustion was 
achieved over the equivalence ratio range of 
0.57-0.67.  The study reported that burner 
stability was primarily affected by the droplet 
size and the distance between the porous medium 
and nozzle.  The study did not show any 
evidence for plugging of the porous medium by 
liquid fuels.  Emission measurements indicated 
that combustion was complete and the emissions 
were found to be as low as 3-7 ppm and 15-20 
ppm for CO and NOx respectively. 
 

Martynenko et al. [18] mathematically 
analyzed the one-dimensional, self-sustaining 
combustion in inert porous media with all modes 
of heat transfer.  Droplet collisions with porous 
medium were modeled using a collision 
probability, which depended on particle Stokes 
number.  Predicted axial profiles of solid, gas, 
and liquid temperatures, and mass fractions of 
liquid and vapor were presented.  Tseng and 
Howell [19] investigated liquid fuel combustion 
in porous media numerically and experimentally.  
Multi-step chemical kinetics for n-heptane was 
included in the numerical code.  The initial 
droplet size did not affect the burning rate, since 
all the droplets were completely vaporized 

before the flame front.  Flame stabilization was 
achieved at as low as an equivalence ratio of 0.3.  
They reported CO and NOx emissions of less 
than 10 ppm and 15-20 ppm respectively.  
Marbach and Agrawal [20] conducted 
experiments on the combustion of kerosene in 
inert porous media.  Their results showed NOx 
and CO emissions of less than 30 ppm and 10 
ppm respectively.  They also varied the length of 
the mixing chamber and concluded that the 
interior combustion mode was effective in 
prevaporizing the fuel.  Although the above-
mentioned works describe the combustion 
characteristics of liquid fuels in porous media, 
detailed studies on the enhancement of 
evaporation due to the combustion heat feedback 
are not reported. 
 

In the past, we have reported 
computational studies on the evaporation of 
point-wise injected [21] and air-blast atomized 
[22] kerosene spray in porous media using 
equilibrium models.  We have also presented an 
experimental study [23] on this.  The purpose of 
the present paper is to extend our computational 
model to include the local thermal non-
equilibrium between the gas and solid phases.  
The specific objectives are to analyze the effects 
of local thermal non-equilibrium on evaporation 
characteristics. 
 
 
MODEL FORMULATION 
 
 The present problem involves three 
phases namely, the gas (air), liquid spray 
(kerosene), and solid (porous medium).  While 
the governing equations for gas and solid phases 
were written in Eulerian frame, the liquid phase 
equations were presented in Lagrangian frame of 
reference.  Governing equations for momentum, 
and species conservation were similar to the ones 
presented in Ref. 21.  Pressure drop in porous 
medium due to viscous and inertial effects were 
included via a Forchheimer equation and the 
permeability and inertia parameter were 
calculated using the Ergun equation.  The porous 
medium was modeled as sink in the momentum 
conservation equations and the details are 
presented in Ref. 21.  Governing equations for 
liquid phase are also presented in Ref. 21. 
 
 Local thermal non-equilibrium between 
the gas and solid phases was modeled by solving 
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two separate energy equations and coupling them 
through a volumetric heat transfer coefficient.  
The energy equations for fluid and solid phases 
are given below: 
 
Energy Equation for Gas Phase: 
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Energy Equation for Solid Phase: 
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where Qin is the volumetric heat input (W/m3) to 
the porous media to simulate radiative heat 
feedback from the flame zone.  Note that in the 
above equations, the term hv⋅(Ts-Tg) appears as 
sink in solid phase equation and source in gas 
phase equation and the interfacial volumetric 
convective heat transfer coefficient (hv) is used 
to couple the two equations.  The hv was 
calculated from the Nusselt number correlations 
as follows (Wakao and Kaguei [15]): 
 

3.06.0
p PrRe1.12Nu +=    (3) 

 
where the Reynolds number is defined based on 
the pore diameter (490 µm).  The properties of 
coflow were used in the calculation of Reynolds 
and Prandtl numbers.  Once the Nusselt number 
was known, it was then converted into a 
volumetric Nusselt number as follows: 
 

NupdsfAvNu =    (4) 

 
where Asf is the specific surface area (π/dp).  The 
volumetric heat transfer coefficient (units: W/m3-
K) was then calculated as shown below 
(Henneke and Ellzey [6]): 
 

2
pd

kNu
vh v=     (5) 

 
 
 

Boundary Conditions 
 

Air stream: Coflow air was preheated to 
different temperatures (373 K - 473 K).  Coflow 
air mass flow rate was 3.8 mg/s for an overall 
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 
are given in Table 1. 
 

Droplet stream:  Kerosene was assumed 
to be a single-component liquid of C12H23.  A 4 
mm-diameter injector was used with the spray 
half angle of 15o.  The maximum relative 
velocity between the atomizing air and liquid 
sheet was 80 m/s and the sheet breakup and 
ligament constants used in the atomizer model 
were 5 and 0.2 respectively. 
 
 

Table 1 Nominal operating conditions. 
 
Sl. 
No. 

Parameter Value Units 

1. Coflow air inlet 
temperature 

450 K 

2. Mass flow rate of coflow 
air  

3.8 mg/s 

3. Overall equivalence 
ratio 

0.42 - 

4. Porous medium heat 
input 

200 W 

5. Porosity of the medium 0.87 - 
 
 
Grid Generation and Solution Procedure 

 
The physical geometry considered for 

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 
considered.  Cartesian type, uniform grid of 
quadrilateral mesh elements with 10 points per 
centimeter was generated (after performing a 
grid sensitivity analysis) using a commercial grid 
generation code GAMBIT. 

 
The governing equations were 

discretized using 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 terms 
in the governing equations were discretized by 
Power law scheme.  The entire process follows 
the standard SIMPLE algorithm [24].  
Interactions of porous media with gas-phase 
were programmed through a set of user-defined 
functions.  Solutions were obtained using a 
commercial code FLUENT 6.0. 
 
 
 
 
 
 
 
 

Fig. 1 Physical domain considered for the 
present analysis. 

 
 
MODEL VALIDATION 
 

In order to validate the model’s 
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 evaporation 
of single droplet (liquid n-heptane) in quiescent 
environment (without porous media) was 
considered.  Variation of droplet diameter as a 
function of time (i.e., the droplet life time) was 
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 
between the experimental conditions and the 
present computational model.  Such a variation 
of the square of droplet diameter with respect to 
time is referred to as D2 Law in the droplet 
evaporation literature.  The model validation 
study, thus, shows that the predictions of droplet 
parameters are reliable and consistent. 
 
 Next, the predictions of porous medium 
model were compared with the results obtained 
by Vafai and Kim [26].  They derived an exact 
solution for forced convection in a channel filled 
with porous medium for an applied wall heat 
flux.  For a given Darcy number of 0.01, a 
porosity of 87 %, the permeability was 

calculated and supplied as input to the present 
model.  A heat flux of 1 W/m2 was applied and 
the transverse temperature profiles were obtained 
at different axial locations.  The ratio between 
heat transfer coefficient and thermal conductivity 
of the medium (h/k) used in this study was 10.27 
1/m.  When normalized, the transverse 
temperature profiles collapse into a single curve 
and the results are shown in Fig. 3.  The figure 
shows an excellent agreement with the analytical 
results of Vafai and Kim [26]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2 Comparison of predicted droplet life time 
with the experimental and numerical study of 

Runge et al. [25]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Validation of transverse temperature 
profiles of the present model with the analytical 

solutions of Vafai and Kim [26]. 
 
 
RESULTS AND DISCUSSION 
 
Droplet Size and Temperature Distribution 
 
 Understanding the size and temperature 
distribution of droplets and the temperature 
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distribution pattern in the porous media (due to 
heating) enables us to predict the vapor 
concentration profiles downstream of the porous 
media.  The results of droplet size and 
temperature distribution upstream of porous 
media are presented first, followed by the 
temperature distribution in porous media. 
 
 Droplet size and temperature 
distribution in the domain at 200 ms after 
injection for a heat input of 200 W and a fuel 
flow rate of 0.11 mg/s are presented in Figs. 4 
and 5 respectively.  The small circles in the 
figures represent the position of droplets; while 
the colored, contour variables denote either 
Sauter mean diameter (Fig. 4) or temperature 
(Fig. 5).  From Fig. 4, one can see that larger 
droplets are thrown out of the core region and 
smaller droplets are retained in the core region.  
This scattering is due to the swirling action 
imparted to the atomizing air.  The results 
predicted by the model are in qualitative 
agreement with the experimental observations of 
Sankara et al. [22].  In typical industrial air-blast 
atomizers, rotating vanes provided in the nozzle 
impart a swirling motion to the atomizing air 
stream, which, in turn, creates a swirling spray of 
droplets (Reitz and Bracco [27]).  Depending on 
the swirl strength, the droplet diameter and its 
spatial location vary. 
 
 From the droplet temperature 
distribution (Fig. 5), it can be seen that the 
temperature of the droplets continued to increase 
from the inlet boundary.  The temperature was 
below 450 K until the droplets reach 5 cm from 
the inlet.  As the droplets moved further in the 
domain, the temperature was increased to 477 K 
(boiling point) and it remained constant at 477 K 

during vaporization.  The temperature attained 
by the droplets depends on the surrounding air 
temperature, which, in turn, depends on the 
porous medium temperature and the 
effectiveness of the heat transfer between the 
porous medium and coflow air.  The 
phenomenon of heat transfer between the porous 
medium and coflow air is explained in detail in 
the subsequent sections.  Figure 5 also suggests 
that the radial variation of droplet temperature is 
negligible, due to the uniform radial temperature 
distribution of coflow air.  Note that the present 
study assumes that the entire droplet is at a 
uniform temperature i.e., the temperature 
variation within the droplet is not considered. 
 
Effects of Local Thermal Non-Equilibrium 
 
 When combustion takes place in a 
porous medium, the heat energy is recirculated 
upstream and the liquid spray is preheated.  
Since the present study is focused on the 
evaporation aspects, the combustion heat 
feedback is simulated by a volumetric heat 
source in the porous region.  The heat source 
represents a fraction of heat feedback from the 
combustion zone.  Temperature attained by the 
porous medium, thus, depends on the strength of 
the source term and the convective heat transfer 
to the coflow air.  Simulations were performed 
with different strengths of heat sources (50–400 
W) by holding the air inlet temperature constant 
at 450 K.  The relationship between porous 
medium temperature and heat source strength 
was determined and the effects of local thermal 
non-equilibrium on the evaporation 
characteristics were analyzed from the results. 
 

 
 
 
 
 
 
 
 
 
 
 

Fig. 4 Droplet size distribution at 200 ms after injection (HS = 200 W, Ti = 450 K). 
 
 
 

 

Axial Coordinate, m

R
ad

ia
lC

o
o

rd
in

at
e,

m

0 0.05 0.1 0.15 0.2
0

0.005

0.01

0.015

0.02

0.025

0 5 10 15 20 25 30 35 40 45 50

Droplet diameter in microns



 292

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 Droplet temperature distribution at 200 ms after injection (HS = 200 W, Ti = 450 K). 
 
 
 

 The steady state, centerline, axial 
variation of porous medium temperature is 
presented in Fig. 6 for different heat inputs at a 
fixed Ti of 450 K.  The porous medium 
temperature increased axially and attained a peak 
value closer to the exit of the porous medium.  
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 
and gas-phase temperatures for a heat input of 
200 W were predicted and the results are 
presented in Fig. 7.  As the coflow air flows 
through the porous medium, its temperature 
increases due to the convective heat transfer 
from the porous medium.  This situation leads to 
a decrease in the temperature difference between 
the porous medium and coflow air, which lowers 
the porous medium temperature, since the heat 
source strength is held constant. 
 
 A study assuming local thermal 
equilibrium between the porous medium and 
coflow air was conducted to assess the 
equilibrium and non-equilibrium models.  Fig. 8 
shows the results of the two cases.  Comparison 
of both the results yields that equilibrium models 
underpredicted the peak temperature by 10 K at 
the lowest heat input and 20 K at the highest 
input.  In order to accurately predict the 
temperature distribution under rapid vaporization 
conditions (as in the present case), one should 
use local thermal non-equilibrium models (Dual 
et al. [13]).  For local thermal non-equilibrium 
models, however, the proper selection of 

interfacial heat transfer coefficient is essential as 
it affects the effectiveness of the heat transfer 
(Alazmi and Vafai [10]). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6 Relationship between the porous medium 
heat source strength and temperature distribution 

(Ti = 450 K, ε = 0.87). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Axial variation of porous medium and 
gas-phase temperature (Ti = 450 K). 
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Fig. 8 Comparison of equilibrium model 
predictions with non-equilibrium models 

(HS = 200 W, Ti = 450 K). 
 
 
Vapor Concentration Profiles 
 
 Radial vapor concentration profiles 
obtained using 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 
and inside the porous medium is smaller; it 
increases in the downstream of the porous 
medium.  For the case studied, the peak vapor 
concentration at x = 10 cm was about 68 % 
higher than that of 1.3 cm upstream of porous 
media.  Figure 9 also indicates that the fuel vapor 
is concentrated at the core region and decreases 
radially.  According to Fig. 4, the number 
density of the droplets is higher at the core 
region and decreases radially.  Vapor 
concentration downstream of the porous 
medium, hence, follows the droplet size 
distribution upstream of the porous medium. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 Vapor concentration profiles at different 

axial locations (HS = 200 W, Ti = 450 K, 
φ = 0.42, t = 1000 ms). 

 Temporal evolution of vapor 
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 
unsteady effects are negligible and unique vapor 
concentration profiles could be seen beyond this 
time.  Present study conducts the unsteady 
simulations upto 1000 ms in order to accurately 
capture vapor concentration profiles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 10 Temporal evolution of vapor 
concentration profiles (x = 12.7 cm, HS = 200 

W,Ti = 450 K, φ = 0.42). 
 
 
CONCLUSIONS 
 
 A computational model, which accounts 
for local thermal non-equilibrium between gas 
and liquid phases, has been developed in this 
study to predict the evaporation characteristics of 
liquid spray in porous media.  The effects of 
local thermal non-equilibrium on vapor 
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 
temperature, which, in turn, depend on the 
strength of the heat source and the effectiveness 
of heat transfer between porous medium and 
coflow air. 
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Appendix H 

Effect of Coflow Air Turbulence 

In previous simulations, the turbulence effects of the coflow air stream were 

neglected in the heat and mass transfer calculations of droplet stream with coflow air. 

In this section, the effect of coflow air turbulence is considered using the Nusselt 

number (Nu) and Sherwood number (Sh) correlations, proposed by Birouk and 

Gökalp (2006) for droplet evaporation in turbulent flow.  The correlations are given 

below: 

 

 n
T

3/12/1
d )C(PrReBANu +=      (H.1) 

 

 n
T

3/12/1
d )C(ScReBASh +=      (H.2) 

 

where Red is the droplet Reynolds number and CT is the turbulent coefficient.  The 

constants A and B, and the turbulence coefficient are expressed as follows, for 0.01 < 

I <0.15 and 2 < Re < 1330000: 

 

Heat Transfer: 

 

 2/12/1
T Re)0405.0I(I328.0d1807.0538.0C ∞+++=   (H.3) 

 A = 2.0; B = 1;  n = 1.0 
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where I is u’/U = 0.1.  For the maximum droplet diameter considered in this study (50 

µm) and the maximum coflow air velocity of 2 m/s, the droplet Reynolds number is 

estimated to be 3 and the CT is 0.884. 

 

Mass Transfer: 

 

 2/12/1
T Re)05.0I(I234.0d1807.0439.0C ∞+++=    (H.4) 

 A = 2.0; B = 1;  n = 1.0 

 

where I is u’/U = 0.1.  For the maximum droplet diameter considered in this study (50 

µm) and the maximum coflow air velocity of 2 m/s, the droplet Reynolds number is 

estimated to be 3 and the CT is 0.703. 

 

The FLUENTTM’s internal vaporization model was modified to include the turbulence 

effects via a set of user-defined functions.  Figure H.1 presents the transverse 

distribution of kerosene droplet diameter at 1.5 cm upstream of evaporation porous 

medium.  The figure shows that the transverse droplet diameter profiles predicted by 

both the models follow similar trend and match well with experimental data.  When 

the turbulence effects were not considered, the droplet diameter was overpredicted by 

30% at the centerline, and underpredicted by 18% at the spray edges.  From the 

droplet axial velocity profiles (Figure 4.34), at transverse locations of r/R = 0.2 to 0.3, 

the change in velocity is less than 5%.  This suggests the presence of the shear layer 

between vaporizing fuel spray and the coflow air in this region.  When the spray 
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vaporizes, the turbulence levels are high in the shear layer.  Hence, the droplet 

diameter predictions match well with the experimental data.  Both at the spray core 

and edges, the turbulence levels depend on the fuel concentration and local density.  

This could lead to the differences in the predictions of droplet diameter.  Further, 

surrounding the vaporizing droplet, usually the laminar flow conditions exist even if 

the droplets are moving in the turbulent flow field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure H.1 Effect of coflow air turbulence on the transverse droplet diameter profiles 
of kerosene spray 1.5 cm upstream of the evaporation porous medium 
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Appendix I 

List of Publications Based on this Work 
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Peer-reviewed Conference Papers: 
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Prediction of Evaporation Processes in Porous Media Combustors,” 
DETC2007-34672, ASME International Design Engineering Conference, Las 
Vegas, LV, Sept. 4-7, 2007 (Final paper submitted). 
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