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a b s t r a c t 

Combustion in porous media has been identified as a promising technology for achieving higher burning 

rates, extending flammability limits, and reducing emissions. To assess the viability of this technology 

for application to aviation gas-turbine engines, the performance of a Porous Media Burner (PMB) oper- 

ated with pre-vaporized liquid fuel at high pressures is experimentally examined. The PMB was operated 

at fuel-lean equivalence ratios between 0.4 and 0.55 at pressures up to 20 bar with fully pre-vaporized 

and preheated n-heptane as well as gaseous methane at 8 bar for performance comparison. Combus- 

tion stability maps are reported along with temperature profiles, pressure drops, and emissions of CO 

and NO x at stable operating conditions. Results from these experiments show excellent performance of 

PMBs at high-pressure conditions. Additionally, numerical simulations using the volume-averaged, one- 

dimensional reacting flow-equations complement the experimental measurements to provide further in- 

sight into the effects of the pressure and fuel mixture on the flame structure. Lastly, high-resolution es 

X-ray Computed Tomography (XCT) is used to examine the structural integrity of the porous matrix dur- 

ing the high-pressure combustion operation, showing evidence of micro-fissures and an increase in the 

surface roughness due to SiC-oxidation. Large-scale defects were not observed after four days of cyclic 

high-pressure testing over a wide range of pressures, heating rates, and equivalence ratios. 

© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Increasingly stringent emission regulations for aviation gas-

urbine engines motivate the need for novel combustion system

esigns that enable reliable operation near the fuel-lean flamma-

ility limit. The implementation of advanced combustion concepts,

uch as porous media combustion, offers the potential to reduce

missions, as well as achieve enhanced flame stabilization and im-

roved fuel efficiency. Porous media combustion entails combus-

ion within the cavities of an inert porous medium, in contrast to

onventional burners that utilize a free flame [1,2] . 

Porous Media Burners (PMBs) facilitate internal heat recircu-

ation from the combustion products to the reactants upstream

ia conduction and radiation in the solid porous matrix. Typically,
∗ Corresponding author. 

E-mail address: ssobhani@stanford.edu (S. Sobhani). 

h  

h  

p  

p  

ttps://doi.org/10.1016/j.combustflame.2019.10.033 

010-2180/© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reserved
orous materials used in PMBs consist of ceramic or other heat-

onducting foams that have large surface-to-volume ratios, thereby

nabling direct heat exchange between the solid and gas phases,

nd high porosities for minimizing the pressure drop. Due to the

nternal heat recirculation, PMBs exhibit higher reactant tempera-

ures, which lead to faster flame speeds and an extension of the

ammability limit to leaner conditions. Stable burner operation at

uch fuel-lean conditions enables reduced NO x and CO production.

Flame stabilization in PMBs can be predicted from the anal-

sis of the solid matrix conductivity, optical depth and the lo-

al Stanton number, which is the ratio of the interphase heat

xchange to the convective transport [3] . The optical depth is in-

reased with decreasing pore diameter, thus if the porous media is

ufficiently opaque, radiation becomes ineffective at recirculating

eat. As PMBs also operate on the principle of effective interphase

eat exchange, the Stanton number is an important parameter for

redicting trends in burner performance. The mass flux is inversely

roportional to the Stanton number, thus, increasing the operating
. 

https://doi.org/10.1016/j.combustflame.2019.10.033
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flow rates of the burner reduces the preheating of the incoming

reactants from the solid, eventually leading to flame blow-off. In-

stead of relying on this dynamic heat balance, PMBs can be de-

signed to anchor the flame at one location. Most existing PMBs

utilize this “interface-stabilized” burner design, which operates on

the principle that the upstream region serves as a flame arrestor

and the downstream region as the combustion zone [4] . The mod-

ified Péclet number was introduced to characterize the local ratio

of heat release by combustion to heat removal in a PMB [5] . The

flame is stabilized at the interface between the two regions that

are above and below the critical Péclet number for flame quench-

ing. 

Previous experimental and computational studies of lean pre-

mixed combustion of gaseous fuel at atmospheric pressure in PMBs

have illustrated several performance advantages compared to con-

ventional burners [3,6–11] . Investigations of lean premixed porous

media combustion at elevated pressure are less common and were

mainly performed using gaseous fuels. Bedoya et al. [12] utilized

a conical PMB with natural gas as the fuel source, and reported

enhanced burning velocities for pressures up to 14 bar. Noordally

et al. [13] studied combustion of methane-air mixtures at lean con-

ditions up to 11 bar, and found that the propensity of flashback

increases with increasing pressure. Bakry et al. [14] also utilized a

conical PMB operated with methane at lean conditions up to 9 bar.

The combustion of liquid fuels in PMBs has been examined, al-

though these investigations were largely limited to atmospheric

pressure conditions. These studies demonstrated similar perfor-

mance advantages as those of gaseous fuel burners, such as higher

burning rates, extended lean flammability limits, and reduced

emissions. Liquid-fuel combustion in a PMB was first experimen-

tally investigated by Kaplan and Hall [15] . Liquid n-heptane was

delivered to a nozzle and sprayed onto a porous foam upstream of

the main PMB. Radiant pre-heating from the main PMB, as well

as flow through the upstream porous foam, enhanced the fuel-

droplet evaporation and mixing. Stable combustion was observed

for equivalence ratios between φ = 0 . 57 and 0.67. Emissions of CO

were reported ranging from 3–7 ppm and NO x from 15–20 ppm.

No accumulation of soot or pore plugging was observed. Tseng and

Howell [16] experimentally and computationally investigated the

operation of liquid n-heptane in a PMB, and found stable opera-

tion for equivalence ratios as lean as φ = 0.3. Emissions were re-

ported to be very low, with CO < 10 ppm and NO x < 20 ppm. Com-

bustion of kerosene in a PMB was investigated by Vijaykant and

Agrawal [17] , using both an air-assist injector and a swirl-air injec-

tor. 

In all the aforementioned studies of liquid fuel PMBs, the dis-

tance between the injector and the porous media was reported as

a critical factor to maintain stable combustion. To eliminate the

need of using a fuel atomizer, both Takami et al. [18] and Jugjai

et al. [19] directly supplied kerosene to the top surface of the PMB,

via a steel wire net to achieve a uniform droplet distribution. Sta-

ble combustion was achieved over equivalence ratios ranging from

0.1 to 0.9. 

Due to the high volumetric heat release of PMBs, incineration

of liquid hazardous waste was proposed as a potential application

of liquid fuel combustion in porous media [15] . PMBs at elevated

pressures also have potential applications in clean gas-turbine op-

eration [13] . In a recent study, the effect of porous media combus-

tion on the thermodynamic cycle performance of gas-turbine en-

gines was evaluated and shown to enable an appreciable increase

in thermodynamic efficiency and reduction of emissions by ex-

tending the nominal lean flammability limit, thereby allowing for

engine operation at higher pressure ratios and lower dilution ra-

tios [20] . 

As outlined above, most of the existing literature on examining

the operation of porous media combustion at elevated pressures
as been limited to gaseous fuels, while investigations of liquid fu-

ls only consider atmospheric pressure conditions. By addressing

his gap, the objective of this study is to experimentally examine

he performance of an “interface-stabilized” PMB that is operated

ith pre-vaporized liquid fuel at high-pressure conditions. The de-

ign of the test rig and operating conditions were motivated by

he expected pressure and temperature at the combustor inlet of

 high-bypass ratio turbo-fan engine at cruise and take-off condi-

ions to examine the viability of porous media combustion for ap-

lication to aviation gas-turbine engines. To focus on the combus-

ion process and eliminate complexities associated with the liquid-

uel atomization, the fuel is pre-vaporized upstream of the burner.

he experiment is instrumented with thermocouples, pressure sen-

ors, and an exhaust-emissions probe to measure temperature pro-

les, pressure loss, and combustion products of CO and NO x . These

easurements are complemented by numerical simulations using

he volume-averaged, one-dimensional reacting flow-equations to

rovide insight about the effect of the pressure and fuel mixture

n the flame structure. Results from these computational investi-

ations are presented in the next section. The experimental setup

nd results from the high-pressure measurements are discussed

n Section 3 . To provide insights into the structural integrity of

ommonly used ceramic foams in PMBs, pre- and post-combustion

nalysis of the porous structure using high-resolution X-ray Com-

uted Tomography (XCT) is presented and discussed in Section 4 .

inally, conclusions are presented in Section 5 . 

. Computational analysis 

To provide a general understanding of the high-pressure effects

n the flame structure, numerical simulations of the PMB are per-

ormed at conditions that are experimentally studied. The equa-

ions governing the combustion in porous media are derived by

olume-averaging of the transport equations for a chemically re-

cting gaseous system [21] . Numerical simulations were performed

sing the Cantera 1D reacting flow solver, which was adapted

o account for the coupling between the gas and solid phases in

he PMB calculations. The reaction chemistry was modeled using

 68-species skeletal mechanism for n-heptane [22] and the DRM-

9 mechanism, derived from the GRI-Mech 1.2, for methane [23] .

ore details on the governing equations, model assumptions, and

he computational method can be found in [3,11] . 

In the simulations, the inlet temperature was 470 K and the op-

rating pressure varied from 2 to 20 bar to match the experimental

onditions. Both of the chemical mechanisms implemented have

een previously validated at elevated pressures for the fuel-lean

onditions tested (i.e. φ = 0 . 57 ). The upstream section is modeled

s a 5.08 cm porous material with 82% porosity, 0.25 mm pore size,

nd 0.30 W/(m K) thermal conductivity. The downstream section is

.54 cm in length, 89% porosity, 1.1 mm pore size, and 1.5 W/(m K)

hermal conductivity. The material, length, pore size, and porosity

istribution of the burner in the simulation were chosen to match

hose of the experiment, as described in Section 3.1 . 

Figure 1 shows comparisons of flame profiles between free

ames and PMBs for a range of pressure conditions and mass flux

ates. In the governing equations, the gas and solid temperatures

re coupled by the convective heat transfer, h v (T g − T s ) . Therefore,

n addition to the gas and solid temperature profiles, the heat

ransfer coefficient, h v , is presented to give insights into the effects

f pressure on the flame. First, Fig. 1 (a) illustrates the temperature

rofiles of n-heptane free flames at 2, 8, and 20 bar, as well as

ethane at 8 bar, all at φ = 0 . 57 . The results indicate a ∼ 50 K dif-

erence in flame temperature in the methane 8 bar flame, as com-

ared to n-heptane, and small differences with increasing pressure

ear the reaction zone. However, the results show appreciable dif-

erences in the flame structure for PMB-flames. First, as shown in
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Fig. 1. Computational profiles at φ = 0 . 57 of (a), (b) gas temperature for free flames and PMB, and (c) heat transfer coefficient in PMB. In (d)–(f), the mass flux rate in the 

PMB simulation corresponds to that of the n-heptane free flame at 2, 8, and 20 bar, equal to 0.4, 0.87, and 1.34 kg/(m 

2 s), respectively and 0.47 kg/(m 

2 s) for methane at 

8 bar. Symbols indicate the predicted solid-phase temperature. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.) 
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izes the ratio of heat release from the flame to heat removal in a 
ig. 1 (b), at a fixed mass flux rate of 0.3 kg/(m 

2 s) and increas-

ng pressure, the exit temperature for the n-heptane flames has a

on-monotonic behavior, first increasing then slightly decreasing.

t 2 bar, the flame has a smaller preheat zone and an apprecia-

le temperature peak in the reaction zone. At 8 bar, this peak flat-
ens out and the temperature profile broadens. This trend extends

o 20 bar, where the preheat temperatures are further increased

nd the profile is flatter and more distributed. This behavior can

e predicted using the modified Péclet number, which character-
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Fig. 2. High-pressure test facility SE-5 at NASA GRC: (a) image of experimental facility and (b) schematic of PMB test hardware. 
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PMB: 

Pe S l = 

S l L 

αg 
, (1)

where L is the characteristic length scale (e.g., pore diameter), and

αg is the gas thermal diffusivity. The dependence of the laminar

flame speed and diffusivity on pressure can be approximated as

P −0 . 5 and P −1 , respectively. Thus, the ratio of heat release to heat

removal increases with increasing pressure ( Pe ∝ 

√ 

P ), which in-

creases the preheat zone temperatures. Furthermore, the heat ex-

change between the solid and gas phase increases with increasing

pressure, as shown in Fig. 1 (c), thus leading to enhanced heat re-

circulation and more distributed temperature profiles. 

It is evident that at the same equivalence ratio and mass flux

rate, the methane and n-heptane flames differ significantly in

structure, preheat length, and exit temperature. In Fig. 1 (d)–(f), the

free flame temperature profiles are compared to the correspond-

ing PMB case, operated at the laminar flame mass flux, equal to

0.4, 0.87, and 1.34 kg/(m 

2 s), at 2, 8, and 20 bar, respectively, for n-

heptane and 0.47 kg/(m 

2 s) at 8 bar for methane. Firstly, the effect

of the porous media on the flame temperature profile is illustrated,

primarily in increasing the preheat zone and changing the flame

structure. Secondly, the predicted steady-state solid temperature

profile is shown to closely resemble the gas temperature, except

near the flame zone for conditions with low mass-flux rates. In

the experimental study, thermocouple measurements, which mea-

sure the solid temperature, were used to approximate the flame

location. These computational results, as well as previous exper-

iments [24] , indicate that using thermocouple measurements of

the solid-phase temperature yield sufficient approximations of the

flame location. 

With an understanding of the high-pressure effects on the

flame structure through computational simulations, the high-

pressure experimental investigations follow next. The experimen-
al setup and the results from these measurements are discussed

n the next section. 

. Experimental study 

.1. Experimental setup 

High-pressure combustion experiments were performed in the

E-5 flame tube facility at the NASA Glenn Research Center (GRC)

see Fig. 2 (a) for illustration and Fig. 2 (b) for burner schematic).

his facility has been used in previous high-pressure combustion

tudies [25,26] . The internal pressure was maintained by the cool-

ng air flow provided by the central facility compressor (31 bar).

he ambient-temperature cooling air was introduced in two loca-

ions: at the bottom of the rig for cooling the burner hardware

nd downstream of the burner to quench-cool the combustion by-

roducts ( < 5.0 kg/min). The rig pressure was controlled by a back-

ressure valve mounted in the exhaust pipe, which was remotely

perated by an auto-feedback process controller to stabilize the

esired pressure within 3% deviations. The rig pressure was var-

ed from 2 to 20 bar in the present work, although the burner rig

ould operate at above 30 bar. 

The PMB tested in this study employs a two-zone “interface-

tabilized” burner concept comprised of porous foams, which are

haracterized by pore density measured in pores per inch (ppi).

n previous work [11] , the PMB design for maximizing flame sta-

ility with minimal pressure drop for gaseous methane at atmo-

pheric pressure was experimentally determined. This design con-

isted of a 3 ppi Silicon Carbide (SiC) downstream section and

wo 40 ppi Yttria-stabilized Zirconia Alumina (YZA) elements up-

tream, and is used for the current study as shown in Fig. 3 . The

iC foams (Ultramet, Pacoima, CA) were manufactured using chem-

cal vapor deposition (CVD) of SiC, which coats the ligaments of the

nderlying non-crystalline vitreous carbon foam structure. The YZA
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Fig. 3. Azimuthal and axial locations of thermocouples, corresponding to values in Table 1 , in SiC (black) element and YZA (yellow) elements. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.) 
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Table 1 

Axial locations of the thermocouples, measured from the outlet of the PMB. The 

thermocouples are positioned at the outer perimeter of the burner at azimuthal 

locations varying by 90 ◦ (see Fig. 3 ). Note that thermocouple A-3 was damaged 

in early testing. 

Thermocouple Axial location Element 

A-1, C-1 0 cm SiC 

B-2, D-2 −0 . 64 cm SiC 

(A-3), C-3 −1 . 27 cm SiC 

B-4, D-4 −1 . 93 cm SiC 

A-5, C-5 −2 . 54 cm YZA 

B-6, D-6 −3 . 18 cm YZA 

A-7, C-7 −3 . 81 cm YZA 

B-8, D-8 −4 . 45 cm YZA 
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oams (Selee Corporation, Hendersonville, NC), were made via the

ponge replication method and are composed of 62% zirconia, 33%

lumina, 2% yttrium and 3% calcium. The three foam components

ere each 5.08 cm in diameter and 2.54 cm in length and stacked

ertically in a castable alumina tube and wrapped in ceramic paper

or sealing and insulation. 

The PMB assembly with liquid-fuel vaporizer was fit into the

ertical-standing, upward-flowing pressure vessel that has an in-

ernal diameter of 15 cm with four optical access ports. Note that

he optical ports were not used for any observation purpose. Cori-

lis mass-flow controllers were used to regulate the air and fuel

ow rates and thus, controlled the mass flux and global equiva-

ence ratios of the premixed mixture entering the PMB. The mass

ow meters for air, CH 4 , and C 7 H 16 (liquid) have 2 to 100% range

ith maximum readings of 24 kg/h, 1 kg/h, and 1 kg/h, respec-

ively. The flow metering accuracy was 0.5% per reading. 

A schematic of the burner and flow system is shown in

ig. 2 (b). A nitrogen-pressurized piston-cylinder fuel system de-

ivered liquid n-heptane to the vaporizer, located upstream of the

MB. In the vaporizer, the liquid fuel was drip-fed to a packed col-

mn of length 16.5 cm and inner diameter of 1.57 cm filled with

tainless-steel spheres (diameter 0.63 cm), which was heated by

eat tracing to the desired temperature ( ∼ 500 K) for complete

aporization. Methane fuel was separately (but never simultane-

usly with the other fuel) fed into the same packed column via a

aseous fuel delivery system with a compressed gas cylinder. Pre-

eated ( ∼ 500 K) and pressurized oxidizer air was also routed to

he packed column in order to be premixed with the fuel vapor or

aseous fuel (see Fig. 2 (b)). Several tests were run to find the ad-

quate length of the packed column to ensure complete vaporiza-

ion of the fuel. The temperature at the exit of the packed column

as monitored to ensure that the fuel/air mixture was formed

ithout condensation or auto-ignition. After the packed column,

he mixture flowed through a bend at the base of the system,

hen upward through a pipe of length of 29.2 cm to the PMB sec-

ion. The exterior of this pipe was wrapped with electric resistance

eat-tape that was controlled (see TE502 in Fig. 2 (b)) to provide a

onstant premixed gas temperature at the inlet to the PMB. 
t  
The PMB section was encased in alumina insulation (3.2 cm

hick) and placed inside a stainless steel cylinder (12.7 cm outer

iameter). Figure 3 illustrates the setup, with the top-most porous

ample referred to as the downstream section and the bottom two

amples acting as the upstream flame-arrestor. The temperature

as measured using Watlow K-type mineral-insulated thermocou-

les, with a range of 368–1533 K and standard limits ( ± 2.2 K).

he thermocouples were positioned at the outer perimeter of the

urner, placed between the porous media and the ceramic insu-

ation, to monitor the location of the flame at four circumferen-

ial quadrants and eight axial locations. The tip of the thermo-

ouple (fully sheathed) was in contact with solid matrix. One of

he thermocouples (A-3) was damaged in early testing. The loca-

ions of the thermocouples are specified in Table 1 , where each

hermocouple is identified with a letter corresponding to its az-

muthal location and a number corresponding to its axial location

see Fig. 3 for reference), measured from the SiC outlet surface. As

ound by Zheng et al. [24] , a thermocouple inserted inside a porous

edium estimates the local solid temperature and the difference

etween such thermocouple measurements and gas phase temper-

tures are < 25 K, except near the reaction zone (also illustrated

n the computational results in Section 2 ). As such, measured

emperatures were used primarily for observing trends in flame
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Table 2 

Summary of the test series operating fuel and pressure, as well as the range of tested operating conditions. 

Test series Fuel Operating 

pressure (bar) 

Mass flux (kg/(m 

2 s)) Equivalence ratio Preheat temperature 

1 n-Heptane 2 0.71–1.68 0.44–0.61 517–526 K 

2 n-Heptane 8 0.86–3.26 0.39–0.55 498–527 K 

3 n-Heptane 20 1.37–3.24 0.39–0.49 519–541 K 

4 Methane 8 0.68–3.38 0.39–0.55 483–524 K 
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location. Oxidizer air, fuels, thermocouples and electrical leads for

heat tracing were fed through the base flange of the test rig. In-

strumentation access ports were located above the PMB section

and permitted insertion of a hot surface igniter, static pressure tap,

and gas-emissions sampling probe. 

The exhaust of the PMB was sampled for emission measure-

ments, then combined with cooling air before flowing into the

pressure control valve downstream. As shown in Fig. 2 (a) and (b),

a nickel-plated stainless-steel sampling probe (12.7 mm outer di-

ameter) was placed in the downstream section of the PMB to ex-

tract emissions from the exhaust gas via a single 0.8 mm diameter

hole. The probe was designed to work with elevated pressures up

to 41 bar and employed pressurized cooling water at flow rates

ranging from 0.5 to 3.0 gal/min. The use of water cooling pro-

hibits further reactions of the exhaust products inside the probe.

In a preliminary test, five exhaust samples near the walls and cen-

terline over the surface of the PMB were measured, showing only

small variations. Thus, the probe design and position in the test

rig was assumed to have minimal contribution to the measure-

ment uncertainty of the emission values. The gas pressure of the

sample was reduced to slightly above the ambient pressure be-

fore it reached a portable gas analyzer (ECOM-EN2F), which mea-

sured concentrations of O 2 (0–21 %), CO (0–40 0 0 ppm), NO (0–

50 0 0 ppm), and NO 2 (0–10 0 0 ppm), each with < ± 5% of mea-

surement uncertainty. NO x was calculated as the sum of NO and

NO 2 , each having a 5% accuracy of the measurement. NO x and CO

were recorded as part per million by volume (ppm), corrected to

3% O 2 to standardize the effect of air dilution on concentration. 

The mixture was ignited 5.4 cm downstream of the porous me-

dia. The flame was first stabilized at the outlet of the burner, un-

til the matrix sufficiently heated up to enable the flame to prop-

agate into the porous media. During operation of the embedded

flame, emissions and pressure drop properties for a range of mass

flux and equivalence ratios were tested. At a given operating con-

dition, the PMB was identified as either stable or unstable, with

the latter corresponding to either a blow-off or a flashback con-

dition. The thermocouple measurements and CO emissions were

used to track the flame location and stability. At a given equiva-

lence ratio, the boundaries of stability were determined by chang-

ing the mass flux by increments of 10%. To establish a new equiv-

alence ratio, the flow conditions were changed by increments of

5% to find the stability boundaries. A stable operating condition

was identified when the flame remains inside the SiC element (see

Table 1 for axial locations) and all temperature measurements re-

main constant in time. Blow-off was identified by the formation of

CO, and a large decrease in temperature at all four quadrants near

the surface (thermocouples A-D at location 1). At certain condi-

tions, a decrease in temperature was observed in only one or two

of the four quadrants, without associated CO formation to indicate

quenching of the flame. Thus, these conditions were identified as

stable. Flashback was identified by a rapid increase in temperature

in any thermocouples below the YZA/SiC interface (thermocouples

A–D at locations 6–8). 

The pressure drop was determined from the measured value

of static pressure upstream and downstream of the PMB, using

a differential pressure transducer. The upstream tap is shown in
 m  
ig. 2 (b) as AP501 in the upstream reactant mixture of the PMB,

nd the downstream tap is indicated as AP601. The pressure drop

f the PMB was measured directly with a differential pressure

ransducer, PDT501 model 3100D-2-FM-1-1, with range of (0.15–7.5

Pa) and accuracy ± 0.75% of full scale. Differences in hydrostatic

ead and velocity head between the two wall taps were negligible

nd omitted in the pressure drop result. 

Liquid n-heptane was chosen as a neat fuel to alleviate concerns

ssociated with the coking and separation of multi-component fuel

nto constituents with different vapor pressure, density and heat-

ng value. Since gaseous methane fuel was used in the earlier study

t atmospheric conditions [11] , methane at 8 bar was also tested in

his study for performance comparison. 

The test series in this study are summarized in Table 2 , and the

urner performance results for each are discussed in the following

ection. 

.2. Results and discussion 

.2.1. Flame stability and temperature profiles 

For the operating conditions specified in Table 2 , the corre-

ponding flame stability and temperature profiles are measured.

he regions of burner stability are shown in Fig. 4 for n-heptane

nd Fig. 5 comparing n-heptane and methane at 8 bar. Solid lines

n the stability maps indicate either flashback or blow-off bound-

ries. All other edges of the stability map are imposed limitations

f the mass flow meter and thermocouples. More specifically, ver-

ical boundaries without a solid line are imposed by the limits of

he mass flow meters for the air and fuel, and horizontal bound-

ries (i.e. the upper limit of tested equivalence ratios), are imposed

y the measured temperatures in the PMB. To protect the PMB

aterial and the thermocouples, the upper temperature limit for

table operation was set at 1580 K, and thus operating conditions

hat exceeded this temperature were not tested. In all tests, flash-

ack events occurred more rapidly than liftoff events. Once the

ame flashed back in one quadrant, it soon propagated to the other

uadrants in the YZA element and eventually to the base of the

MB. In Fig. 4 (a) and (b), the size of the symbols represent the CO

missions corresponding to that operating condition, ranging be-

ween 0 and 17 ppm. At the lowest stable equivalence ratios and

ass flux rates, the flame was stationary but began to quench, as

bserved by the elevated formation of CO. This limit differs from

ashback, where the flame migrated upstream with increased tem-

erature inside the YZA porous media. 

With increasing pressure, the flashback boundary and higher

ass flux rates moves to leaner conditions, which is predicted

y the aforementioned modified Péclet number analysis. Pe S l , or

he ratio of heat release to heat removal, increases with increas-

ng pressure, which increases the preheat temperature thereby in-

reasing the propensity of flashback. The computational results in

ection 2 verify this trend, showing that the preheat tempera-

ures increase with pressure (see Fig. 1 (b)). A similar increase in

ashback propensity was found for methane-fuel PMB operation

t pressures up to 11 bar by Noordally et al. [13] . 

The flame stability maps in Fig. 4 (d) and 5 (b) have been nor-

alized by the laminar burning flux, f = ρi S l,i , using local refer-
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Fig. 4. Stability maps for PMB operation with prevaporized C 7 H 16 : (a), (b) flashback and blow-off boundaries of the stability regimes, with the size of the symbols repre- 

senting CO emissions between 0 and 17 ppm, (c) compounded flame stability maps, solid lines imply limit of stability, other boundaries determined by limits of the mass 

flow controllers and thermocouples, (d) compounded stability maps, normalized by the local burning rate. Open symbols denote tested yet unstable conditions. 

Fig. 5. (a) Comparison of flame stability for C 7 H 16 (black) and CH 4 (green) at 8 bar: (a) stability maps, (b) stability maps normalized by the laminar burning rate. Open 

symbols denote tested yet unstable conditions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 6. Temperature profiles at various mass flux rates (MFR) and equivalence ratios, φ, of C 7 H 16 flames at (a) 2 bar, (b) 8 bar, and (c) 20 bar marked in Fig. 4 (c), where the 

orange data correspond to near blow-off conditions and the other data correspond to stable operating conditions. (d) Comparison of temperature profiles of C 7 H 16 (black) 

and CH 4 (green) at 8 bar at similar mass flux rate and φ = 0 . 47 . Symbols � correspond to thermocouples A and B, and symbols � to thermocouples C and D, and the lines 

correspond to the average temperature at each location. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article.) 

Fig. 7. 3D temperature profile rendering corresponding to the leanest conditions in Fig. 6 , (a) φ = 0 . 48 , 0.93 kg/(m 

2 s), (b) φ = 0 . 43 , 1.34 kg/(m 

2 s), (c) φ = 0 . 42 , 2.68 kg/(m 

2 s), 

(d) φ = 0 . 47 , 1.55 kg/(m 

2 s). 
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t  
ence quantities as a function of burner inlet temperature, pressure,

and equivalence ratio. The effect of the porous media on the com-

bustion performance and flame stabilization is highlighted by this

normalization. Figures 4 (d) and 5 (b) show an increase in the nor-

malized mass flux by up to six to ten times for n-heptane and

methane, respectively. After normalization, the results showed a

significantly higher blow-off boundary in the stability regime for

methane than n-heptane, as indicated by the solid lines in Fig. 5 (b).

Temperature profiles of n-heptane flames at 2 bar, 8 bar, and

20 bar marked in Fig. 4 (c) are show in Fig. 6 . Thermocouple tem-

perature measurements at each axial location illustrate significant

tilting of the flame for certain conditions. Increasing equivalence

ratio results in increasing peak temperature. Furthermore, similar

to the computational temperature profiles shown in Section 2 , the

experimental temperature profiles become more flattened as the

pressure increases, exhibiting higher preheat temperatures. 
Figure 6 (d) compares the flame profiles of comparable sta-

le operating conditions for n-heptane and methane at 8 bar. Al-

hough a similar average temperature profile was measured, the

ethane flame is significantly more inhomogeneous in the az-

muthal direction and lift-off at thermocouple A-1 is observed. The

ame heterogeneities and tilting are further illustrated in Fig. 7 for

he leanest conditions shown in Fig. 6 . Flame tilting was also ob-

erved in a previous study of gaseous methane at atmospheric

ressure, with the same PMB matrix composition [11] . The study

y Hsu et al. [27] attributed the flame tilting to the formation of

ssures that disturb the otherwise uniform flow distribution as

ell as the local thermophysical properties of the solid matrix.

uch fissures were indeed observed in the porous matrix post-

ombustion in X-ray Computed Tomography scans (see Section 4 ).

urthermore, computational studies of filtration gas combus-

ion identify flame inclination as one of two key flame-front
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Fig. 8. Measurements of pressure drop at stable operating conditions, where symbols correspond to operating pressure at 2 bar ( • ), 8 bar ( � ) and 20 bar ( �). 

Fig. 9. Emission measurements at stable operating conditions for both methane and n-heptane fuels, at 2 bar ( • ), 8 bar ( � ) and 20 bar ( �). 
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nstabilities in flame propagation in packed-bed porous media

28–30] . 

.2.2. Pressure drop 

The pressure drop for both n-heptane and methane flames in-

reases with increasing mass flux rate. According to the Darcy–

orchheimer model: 

 x P = − μ

K 1 

u − ρ

K 2 

u 

2 , (2)

here u is the Darcy velocity, ρ is the density, K 1 is the intrinsic

ermeability and K 2 is the non-Darcian drag coefficient, estimated

sing Ergun’s equation [31] . 

To isolate the effect of the operating pressure, the total pres-

ure drop across the porous matrix can be expressed by integrat-

ng Eq. (2) along the axial direction and substituting the ideal gas

aw to relate pressure and density: 

P = −
∫ x 

0 

RT 

P o 

[ 

μ

K 1 

˙ m 

′′ 
ε

+ 

1 

K 2 

(
˙ m 

′′ 
ε

)2 
] 

dx . (3) 
f  
hus, for an equivalent temperature profile, the pressure drop is

stimated to be lower at higher operating pressures. This is con-

rmed by the measured pressure drop shown in Fig. 8 (a). By mul-

iplying the measured pressure drop by the operating pressure,

he results begin to collapse as shown in Fig. 8 (b). The results for

igher pressures still remain slightly lower, due to the lower peak

emperatures at these conditions. 

.2.3. Emissions 

Emissions of NO x and CO, corrected to 3 % O 2 , are shown in

ig. 9 for both fuels at elevated pressures and stable operating

onditions. Since all temperatures are below 1800 K, thermal NO

roduction is insignificant, and the prompt NO pathway is domi-

ant [32] . The NO x emissions decrease at higher pressures, since

he stability regime shifted to leaner conditions with increasing

ressure. For stable operating conditions, NO x emissions increase

ith increasing mass flux rate and equivalence ratio due to higher

ocal temperatures in the burner, as indicated by thermocouple

easurements. Near the minimum stability limit (i.e. lower equiva-

ence ratio and mass flux), the CO emissions are increased for both

uels since the flame is starting to quench. Similarly, near the blow-



132 S. Sobhani, J. Legg and D.F. Bartz et al. / Combustion and Flame 212 (2020) 123–134 

Fig. 10. Top and side view of the XCT isosurface of the full SiC porous foam matrix (5.08 cm diameter and 2.54 cm height) in the downstream zone of the burner, post- 

combustion, after a total of 2 h of operation. Scan acquisition parameters correspond to Scan 1 in Table 3 . 

Fig. 11. XCT isosurface of a strut in 1.8 mm field of view of the SiC porous foam matrix in the downstream zone of the burner, pre- and post-combustion, where the arrow 

indicates the location of the crack. XCT-acquisition parameters correspond to Scan 2 in Table 3 . 
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off and flashback boundaries, the local temperature begins to de-

crease and incomplete combustion results in higher CO emissions.

Kaplan and Hall [15] performed experimental tests at atmospheric

pressure where the liquid n-heptane fuel was sprayed directly onto

a porous foam upstream of the main PMB, and reported similar CO

and NO x emissions as those of the current study at 2 bar (i.e., 3–

7 ppm CO and 15–20 ppm NO x ). For all stable operating conditions,

NO x measurements were below 25 ppm and mostly complete CO

combustion was observed, with a maximum of 17 ppm. 
. X-ray computed tomography analysis 

The PMB experiments were performed over four days, during

hich the burner underwent dozens of on-and-off cycles and a to-

al of over 22 hours of operation. To examine the structural in-

egrity of the porous matrix over the course of the combustion

ests, the 3 ppi SiC sample was analyzed using a Zeiss Xradia

20 Versa X-ray Microscope (XRM) for X-ray Computed Tomogra-

hy (XCT). As the resolution capability of the XRM decreases with
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Table 3 

Acquisition parameters of the XCT scans. 

Scan Resolution Field of view Voltage Current 

1 1.8 μ m 1.8 mm 110 kVp 91 mA 

2 89.6 μ m Full domain 60 kVp 83 mA 
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ncreasing field-of-view, the whole domain was first scanned at a

esolution of 89.8 μm to identify large-scale structural defects. Sub-

equently, a high-resolution scan of a strut was performed to iden-

ify small-scale cracks and surface properties. The acquisition pa-

ameters of the two scans, performed with projections over 360 ◦,

re summarized in Table 3 . 

Automatic 3D segmentation and isosurface rendering was per-

ormed using the Avizo software to visualize the structure, as

hown in Figs. 10 and 11 . The pre- and post-combustion scans

f the full domain were nearly identical, and showed no appar-

nt signs of large-scale degradation. The isosurface of the matrix

ost-combustion is shown in Fig. 10 . However, the higher resolu-

ion scan revealed fissures ( ∼ 20 μ m wide) in the struts of the ma-

rix structure. Thus, high-resolution methods are required to fully

xamine the material degradation of the ceramic matrix foams.

owever, the matrix proved to be durable in withstanding the

ver 22 h of operation, thermal stresses due to on-and-off cy-

ling, and high pressure conditions. In addition to the fissures, the

igh-resolution scans reveal an increase in the solid surface rough-

ess after combustion. SiC oxidizes at high temperatures, leading

o oxide bubble formation and solid SiO 2 deposition on the ma-

rix structure [33–35] . Aronovici et al. [35] found that the forma-

ion of an oxide layer on SiC lattice drastically reduces the effec-

ive thermal conductivity, while changes in pressure drop are in-

ignificant. Although the XCT scans indicate the potential of oxide

ayer deposition after high pressure PMB operation, further analy-

is of the material composition is needed to identify the cause of

he apparent surface transformation and its effects on the burner

erformance. 

. Conclusions 

In this work, the performance of a Porous Media Burner (PMB)

hat was operated with pre-vaporized liquid fuel at high-pressure

onditions was examined. Combustion stability regimes, temper-

ture, pressure drop, CO and NO x emissions were measured and

-ray Computed Tomography (XCT) analysis was performed to ex-

mine the structural integrity of the porous matrix during high-

ressure combustion. Experiments were conducted in NASA’s high-

ressure facility SE-5 at 2, 8, and 20 bar absolute pressure using n-

eptane fuel with preheat temperatures of around 500 K. For per-

ormance comparisons, the burner was also tested with methane

t 8 bar. After normalization with the laminar burning rate, the

esults showed a significantly larger stability regime for methane

han n-heptane. For all tests, the burning velocity in the PMB was

easured up to ten times higher than the laminar flame speed.

rends in flame flashback were found to be well predicted by the

odified Péclet number, illustrating a higher mass flux flashback

oundary with increasing pressure. These experimental investiga-

ions were complemented by numerical simulations to examine ef-

ects of the pressure and liquid fuel on the flame structure. These

imulations confirmed the increase in preheat-zone temperatures

nd propensity for flashback with increasing pressure. The pressure

rop was shown to decrease with increasing pressure, although in-

ependent of fuel. NO x measurements were below 25 ppm for all

table operating conditions, for which complete oxidation of CO

as observed. At 20 bar conditions, stable operation at very low

alues of equivalence ratio were found, with corresponding values

f NO x below 5 ppm. 
Additionally, this work demonstrated the utility of applying lab-

cale XCT diagnostics for investigating the material and structural

rocesses in porous foams. The XCT analysis revealed small-scale

ssures, but no large-scale defects were observed in the SiC porous

atrix after extensive high-pressure testing. In future work, this

ool can be combined with Energy Dispersive X-ray Analysis to

tudy the surface properties and compositions of ceramic materi-

ls used in PMBs, and to help develop durable porous foams for

ong-term operation at elevated pressures. 

Although PMBs have been previously identified as an advanced

ombustion technology capable of reducing emissions and increas-

ng system efficiency, most of the existing literature on PMBs are

imited to gaseous fuels operated at atmospheric pressure condi-

ions. The current study extends to pre-vaporized liquid fuels and

levated pressures to demonstrate the viability of porous media

ombustion for application to gas-turbine engines and presents

uantitative trends at engine-relevant conditions. Future studies

re needed to test the performance with transportation fuels as

ell as the effects of liquid-fuel evaporation. 
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